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The aim of this study is to develop new π-conjugated organic molecules for 
two photon absorption (2PA) materials and organic field effect transistors 
(OFETs). In chapter 1, a brief historic overview of 2PA and OFETs was provided, 
and different types 2PA active molecules and different methods to construct 
n-channel semiconductores were introduced as well. A selection of conjugated 
molecules as the examples were shown in this chaper to highlight the recent 
development of 2PA materials and n-channel semiconductors, so as to elucidate 
how to design good 2PA active materials and n-channel organic semiconductors. 
A series of conjugated molecules for efficient 2PA response materials and 
n-channel OFETs have been synthesized and systematically investigated in this 
PhD work. 
In chapter 2, a new synthetic route was developed to prepare six octupolar 
compounds based on triazatruxene. Solvent polarity has little effect on the UV-vis 
absorption spectra, while significant bathochromic shift of the emission spectra was 
observed together with a larger Stokes shift in polar solvents due to intramolecular 
charge transfer (ICT). Chromophores show high two-photon absorption cross section 
with the maxima ranging from 280 GM to 1620 GM. meanwhile, the largest 2P action 
cross section (δΦ) is up to 564 GM, so they could be the potential 2PEF probes. In 
addition, all chromophores show good thermal and photo-stability.  
In chapter 3, a series of electron-deficient pyrazine-containing linear and 
vii 
 
star-shaped acene molecules end functionalized with dicarboximide groups have 
been synthesized, and their optical properties, electrochemical properties and 
thermal behavior were investigated in detail. Due to the attachment of 
carboximide groups and the fusion of pyrazine units, these conjugated compounds 
showed high electron affinities, with the low-lying LUMO energy level up to 
-4.01 eV. Moderate electron mobilities in thin films were obtained via the 
Space-Charge Limited-Current (SCLC) technique.  
In chapter 4, a family of electron-deficient naphthalene imide derivatives have 
been designed and synthesized; their optical properties, electrochemical properties, 
thermal behavior were fully investigated. All the semiconductors have been used 
as active components for high performance, solution-processed n-channel organic 
field effect transistors. The fabricated devices exhibit electron mobility of up to 
0.016 cm2 V-1s-1 under nitrogen atmosphere, with current on/off ratios of 104-105, 
and threshold voltages of 10-20 V. Moreover, they show excellent air and 
operating stability. 
In chapter 5, a phthalimide-fused naphthalene diimde (NDIIC24) with low-lying 
LUMO energy level (-4.21 eV) and moderate solubility was synthesized. OFETs 
based on solution processed thin films showed typical n-channel characteristics with a 
high electron mobility of 0.056 cm2V-1s-1 and a high on/off current ratio of 105-106. 
The devices exhibited very good air stability and operating stability. Complementary 
inverters based on n-type NDIIC24 and p-type TIPS-pentacene demonstrated a 
viii 
 
maximum voltage gain (-dVOUT/dVIN) of 64. 
 
 
Key Words: conjugated molecules, two-photon absorption (2PA), triazatruxene, 
field effect transistors (FETs), pyrazine, naphthalene diimide (NDI)  
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Organic molecules are the chemicals of life, which found in and produced by 
living organisms, they contain carbon-hydrogen bonds, which distinguish them 
from inorganic molecules. Conjugated organic molecules were found to be acted 
as electrical conductors 30 years ago. Afterwards a tremendous research effort has 
been devoted towards the development of organic semiconducting molecules for 
photonic/electronic applications since the pioneering study from Wudl and 
Müllen.1 
With few exceptions, organic semiconducting molecules are divided into two 
types, conjugated organic small molecules (oligomers),2 and organic conjugated 
polymers (macromolecules),3 both offering distinct advantages and disadvantages 
in terms of processability and device performance.4 Conjugated organic small 
molecule materials having well defined chemical structures can be obtained in 
high purity levels through conventional purification techniques, such as 
chromatography, sublimation, and recrystallization. Furthermore, they can be 
provided in large amounts through reproducible and well-established synthetic 
protocols. Thin films with good characteristics can be easily produced by vacuum 
deposition, spin-coating, casting, or printing under ambient conditions to fabricate 
large-area devices with high performances. Nevertheless, organic small molecule 
semiconductors generally lack good solution film-forming properties, due to the 




applications in printed electronics. In contrast, polymers are polydisperse material 
systems for which large-scale purification methods are generally limited to 
reprecipitation or extraction (e.g., Soxhlet). Trace impurities from polymers are 
difficult to remove which may greatly compromise device performance. 
Furthermore, due to molecular weight and polydispersity variations, their device 
performance reproducibility from polymer batch to batch can be problematic.5 
Nevertheless, polymeric semiconductors typically exhibit good film-forming 
properties, which are essential for fabrication of large-area devices by printing.6 
The π-conjugated organic molecules can serve as potential candidates for 
organic photonic/electronic applications, such as organic light emitting diode 
(OLEDs), organic photovoltaic solar cells (OPVs), organic field effect transistors 
(OFETs) and two photon absorption (2PA) materials. 
 
1.2 Recent Development in Two-Photon Absorption (2PA) Materials 
1.2.1 Introduction 
2PA process was first proposed by M. Goeppert-Mayer (1906-1972) in her 
doctoral dissertation in 1931.7 In her thesis, she theoretically predicted that a 
simultaneous 2PA process should also lead to a transition between a lower and a 
higher energy level of an atom or a molecule, which is different from one-photon 
absorption. In 1961, Kaiser and Garrett reported the first observation of a 2PA 




Since then, a new major research area of two-photon processes has been opened to 
scientists and engineers. During the 1970s and 1980s, the main research topic in 
this new area focused on two-photon spectroscopy of simple atomic and 
molecular gaseous systems, organic solvents and compounds, as well as inorganic 
crystals and semiconductors. From the 1990s onwards, research effort started to 
focus on developing various two-photon active materials and seeking for their 
applications. Recently, 2PA has attracted growing interest due to its potential 
application in material science and in biological imaging, including 
three-dimensional optical data storage, lithographic micro-fabrication, optical 
power limiting, two photon fluorescence imaging, and localized photodynamic 
therapy.9 These applications depend considerably on the high 2PA cross-section 
values displayed by the specifically engineered organic molecules. 
The 2PA properties are measured by two-photon excited fluorescence (2PEF),10 
nonlinear transmission (NLT),11 open aperture Z-scan,12 and femtosecond (fs) white 
light continuum (WLC) pump-probe13 methods, employing nanosecond (ns), 
picosecond (ps), and fs pulses. The 2PEF method has been often employed, due to the 
experimental convenience and good data reproducibility. The 2PA cross section (δ) 
measured through NLT method varied by orders of magnitude depending on the pulse 
width. Z-scan and WLC methods are used as well but not as commonly as the 2PEF 
method due to the experimental difficulties. Moreover, the δ values checked by the 




For applications that require high 2PA cross section, such as optical limiting and 3D 
microfabrication or strong 2PEF such as bioimaging, molecules with large 2PA cross 
section per molecular weight (δmax/Mw) or large 2P action cross section per molecular 
weight (Φδmax/MW) are needed. Moreover, molecules with δmax/MW > 1.0 have been 
found to be useful for such applications.14 
The most frequently employed structural motifs for 2PA response materials are 
donor–bridge–acceptor (D– –A) dipoles, donor–bridge–donor (D– –D) and 
donor–acceptor–donor (D–A–D) quadrupoles, octupoles with  -centers and 
functional groups of electron-donating and/or electron-withdrawing groups at the 
terminal sites.15 A large number of dipolar/quadrupolar molecules have been 
synthesized and characterized, however, octupolar molecules with high 2PA cross 
section and good stability are relatively rare. 
 
1.2.2 Dipolar 2PA Molecules 
The first dipolar Donor–bridge–Acceptor (D– –A) 2PA active molecules were 
reported by Reinhardt et al.16 However, the δ obtained by the NLT method using ns 
pulses were overestimated. Recently, a more reasonable 2PA value utilizing a fs NLT 
method was reported by Prasad’s group.17 The δ/MW value for the pentafluorostilbene 
derivatives increases with the conjugation length with a concomitant increase in the 
δmax (1-2 – 1-4, Figure 1.1, Table 1.1). This indicates a parallel increase in the δ with 




However, strong ICT process results in low fluorescence quantum yields (Φ), so that 
these compounds are not useful for applications that use 2PEF. 
 
Figure 1.1 Chemical structures of dipolar molecules 1-1 – 1-7 
 
Table 1.1 Photophysical data for dipolar molecules 1-1 – 1-7 
 sol λ1maxa Φb λ2maxc δmaxd δmax/MWe Φδmax/MWe 
1-1 THF 431 0.022 840 125 0.32  
1-2 Tol 370  750 120 0.38 0.0084 
1-3 Tol 396 0.025 825 300 0.88 0.0022 
1-4 Tol 412 0.026 850 500 1.37 0.036 
1-5a H2O 391 0.82 780 140 0.49 0.40 
1-6a H2O 397 0.48 780 270 1.00 0.48 
1-7a H2O 453 0.19 880 350 1.30 0.25 
1-7b H2O 457 0.050 940 470 1.60 0.079 
a λmax of the one photon absorption spectra in nm; b Fluorescence quantum yield; c 
λmax of the two-photon excitation spectra in nm; d The peak two-photon absorptivity 
in 10-50 cm4 s/photon (GM); e When alkyl groups were larger than Me, the molecular 
weight was calculated by assuming that R = Me; the unit is GM/g. 
 
Among all dipolar molecules reported in the literature, chromene derivatives (1-5 




water solubility, significant Φδmax/MW and high photostability, and emit strong 2PEF 
when labeled in giant unilamellar vesicles and cells.18 Here, a parallel increase in the 
δmax/MW and δmax values with a stronger donor group was observed. 1-7a showed high 
quantum yield of 0.19 in water, with significant δmax/MW value of 1.30, as indicates 
that it would be an efficient 2PEF probe. However, its 2PA cross section is only at 350 
GM. 
 
1.2.3 Quadrupolar 2PA molecules 
D– –D, D–A–D, A– –A quadrupoles are the most frequently investigated 
structural motifs for two-photon active molecules, in which phenyl, fluorene, and 
anthracenyl are employed as the core and C=C bonds are employed as the conjugation 
bridge. 
When an anthryl group was used as the core, 9,10-Phenyl substituents at the anthryl 
group decreased δmax/MW and Φδmax/MW as a result of smaller δmax and larger MW (1-8 
vs. 1-9, Figure 1.2, Table 1.2), whereas 9,10- -cyanophenyl substituents did not 
appreciably change these values (1-8 vs. 1-10).19 In comparison with 1-8, λmax and 
δmax/MW of 1-11 increased by around 190 nm and nearly twofold, respectively.19 
However, the quantum yield of 1-11 was lowered to 0.11, which may be due to strong 
ICT between the donor and acceptor groups, as a result, the Φδmax/MW value 





Figure 1.2 Chemical structures of quadrupolar molecules 1-8 – 1-16 
 
Table 1.2 Photophysical data for dipolar molecules 1-8 – 1-16 
 sol λ1maxa Φb λ2maxc δmaxd δmax/MWe Φδmax/MWe 
1-8 Tol 455 0.78 800 1100 2.35 1.83 
1-9 Tol 466 1.0 780 770 1.28 1.28 
1-10 Tol 488 0.64 840 1570 2.34 1.50 
1-11 Tol 587 0.11 990 2290 4.41 0.49 
1-12 Tol 427 0.64 800 1140 1.69 1.08 
1-13 Tol 476 0.75 800 1900 2.59 1.94 
1-14 Tol 478 0.66 800 2400 3.14 2.07 
1-15 Tol 531 0.13 980 5530 7.65 0.99 
1-16 Tol 575 0.064 980 3650 4.33 0.28 
a λmax of the one photon absorption spectra in nm; b Fluorescence quantum yield; c 
λmax of the two-photon excitation spectra in nm; d The peak two-photon absorptivity 
in 10-50 cm4 s/photon (GM); e When alkyl groups were larger than Me, the molecular 





Chromophore 1-12, in comparison with 1-8, the conjugation bridge was extended, 
resulting in a slight increase of δmax, but a significant decrease in Φδmax/MW, probably 
due to its distorted structure (Figure 1.2, Table 1.2).20 Substitution of the OR groups 
at the core or at the intervening phenyl groups significantly increased the values of 
δmax, δmax/MW and Φδmax/MW (1-12 vs. 1-13 and 1-14). When CN groups were 
introduced at the 9,10-positions, the λmax and δmax/MW increased by 180 nm and by 
about five-fold, respectively, presumably because of the enhanced ICT (1-12 vs. 
1-15). The OMe groups at the intervening phenyl groups further facilitated the ICT 
as indicated by the large increase in the δmax (1-15 vs. 1-16). Here again, the 
Φδmax/MW value of 1-15 was smaller than those of 1-13 and 1-14 due to the large 
decrease in Φ. 
 
1.2.4 Octupolar 2PA molecules 
Multibranched structure would significantly increase the 2PA cross section in 
comparison to their singlebranched counterpart was first reported by Prasad.21 The 
value of δmax/MW for 1-17a – 1-19a increased from 0.17 to 0.36 to 0.58 as the number 
of branch increased (Figure 1.3, Table 1.3). A theoretical study has revealed that such 
an enhancement is mainly due to the vibronic coupling.22 The electronic coupling is 
weak, probably because the central amino group is used as the connecting unit, which 
breaks the conjugation of the whole network. In other words, increasing the size of 




channels, which would in turn increase the 2PA cross section. 
 
Figure 1.3 Chemical structures of octupolar molecules 1-17 – 1-25 
 
Table 1.3 Photophysical data for octupolar molecules 1-17 – 1-25 
 sol λ1maxa Φb λ2maxc δmaxd δmax/MWe Φδmax/MWe 
1-17a TCE 399  796 88 0.17  
1-18a TCE 417  796 275 0.36  
1-19a TCE 426  796 600 0.58  
1-17b Tol 473 0.73 840 1370 2.05 1.50 
1-18b Tol 492 0.69 840 3130 2.68 1.85 
1-19b Tol 495 0.67 840 5030 3.02 2.02 




1-18c CHCl3 491 0.15 790 2474 3.56 0.53 
1-19c CHCl3 492 0.16 790 3298 3.58 0.57 
1-20d Tol 487 0.41 890 1200 1.53 0.63 
1-20e Tol 435 0.71 740 1340 1.41 1.00 
1-20f Tol 435 0.84 800 2070 1.65 1.39 
1-21e Tol 405 0.78 740 495 0.53 0.41 
1-21f Tol 408 0.72 740 1080 0.87 0.63 
1-22 Tol 440 0.83 740 2080 1.30 1.08 
1-23 THF 406 0.23 800 370 0.71 0.16 
1-24 THF 426 0.26 800 1037 1.22 0.32 
1-25 THF 391 0.55 800 280 0.32 0.18 
a λmax of the one photon absorption spectra in nm; b Fluorescence quantum yield; c 
λmax of the two-photon excitation spectra in nm; d The peak two-photon absorptivity 
in 10-50 cm4 s/photon (GM); e When alkyl groups were larger than Me, the molecular 
weight was calculated by assuming that R = Me; the unit is GM/g. 
 
Cho’s group and others have observed similar results as well.23,24 Hence, the 
δmax/MW for 1-17b – 1-19b and 1-17c – 1-19c (Figure 1.3, Table 1.3) increased with 
the number of branching to reach the maximum values of 3.02 and 3.58 for 1-19b and 
1-19c, respectively, demonstrating significant enhancement in the multi-branched 
structure.25 Moreover, the Φδmax/MW value of 2.02 for 1-19b is among the largest 
values in the reported literature. It is to be noted that all these molecules have D–A–D 
structure in each branch. On the other hand, while the molecules are composed of 
three dipolar D– –A branches, δmax/MW values are becoming lower (1-17b – 1-19b 
and 1-17c – 1-19c vs. 1-20d – 1-20f), even with strong electron withdrawing 




replacement of the phenyl to fluorenyl group slightly decreased δmax/MW (1-20f vs. 
1-22, Figure 1.3, Table 1.3). When the conjugation bridge was changed from C=C to 
C≡C, δmax, δmax/MW and Φδmax /MW values all decreased, as expected from the poorer 
conjugating ability (1-20e, 1-20f vs. 1-21e, 1-21f). Use of the pyridine moiety as the 
acceptor decreased δmax/MW, this may be due to the weak electron-withdrawing 
property of the pyridine unit (1-20d, 1-20e vs. 1-23). Here again, the C≡C bond in the 
conjugation bridge induced a positive effect on the quantum yield, but a negative 
effect on the 2PA cross section (1-24 vs. 1-25). 
 
1.2.5 Objectives 
Among all the dipolar, quadrupolar and octupolar 2PA active molecules, 
octupolar molecules are the most promising ones for material application, due to 
the vibronic coupling, cooperative effect and good intramolecular charge transfer 
(ICT) property. To develop an ideal multi-branched or octupolar 2PA active 
chromophores, it is of great importance to introduce novel cores, novel arms or 
novel bridges into the designation of the molecular structures. Although many 
multi-branched or octupolar chromophores have been investigated, most of them 
are not suitable for material applications, because they exhibit moderate 2PA 
cross section values only, while the properties such as processability and 
photo-stability have not been examined yet. Therefore, in this thesis, we aim to 





1) Introducing of a novel core, triazatruxene (TAT), into the molecular structure 
designation, and constructing of an octupolar molecular structure for 2PA 
response materials. 
2) Studying the effect of ICT of 2PA response molecules, via the introduction of 
different electron-withdrawing groups at the periphery sites and the 
adjustment of conjugation length by insertion of a thiophene unit as the 
bridge; 
3) Checking the photostability, and thermal-stability of our synthesized 
molecules. 
In chapter 2, a novel core, triazatruxene, have been employed to construct 
2PA active molecules, they show high 2PA cross sections and high 2P action 
cross section values with good thermal-stability and photo-stability, which means 
that they are promising to be used as 2PEF probe.  
 
1.3 Recent Development in N-type Organic Semiconductors 
1.3.1 Introduction 
Organic field effect transistor (OFET) is an organic transistor that relies on an 
electric field to control the resistance and the conductivity of a 'channel' in a 
semiconductor channel material. An OFET device is consisted of three electrodes, 




large variation in current from the source electrode to the drain electrode. 
According to the adopted device configuration, OFETs can be divided into four 
different types as shown in Figure 1.4, the bottom gate bottom contact (A), the 
bottom gate top contact (B), the top gate top contact (C) and the top gate bottom 
contact (D). The device configuration plays a key role in the device performance, 
and it was found that both B and D type devices always give better performances 
than that of A and C. This was attributed to the improved contact between the 
organic semiconductor and the electrodes.26 
 
Figure 1.4 Four types of OFETs, (A) Bottom gate/bottom contact, (B) bottom 
gate/top contact, (C) top gate/top contact, and (D) top gate/bottom contact. 
 
Based on the charge carrier which flowing through the organic 
semiconductors, the semiconductors are classified into three types, p-type (hole 
transporting), n-type (electron transporting) and ambipolar (both hole and electron 
transporting).27 P-type semiconductors have been systematically studied during 




oligoacenes and oligothiophenes, which have been prepared and used in organic 
electronics.28 However only a limited number of n-type organic semiconductors 
have been synthesized and studied, which is desirable for the fabrication of p-n 
junction diodes, bipolar transistors, and complementary integrated circuits.29 
Therefore studies on n-type semiconductors have recently attracted increasing 
interest. The general design approaches to achieve n-type semiconductors include 
(1) attachment of electron-withdrawing substituents (e.g. fluorine, carboximide, 
cyano-) onto the traditional p-type semiconductors (e.g. acene, oligothiophene) 
and/or (2) replacement of the carbon atoms in the aromatic framework by 
electron-deficient atoms (e.g. imine nitrogen). Following this guidance, some 
n-type semiconductors have been successfully synthesized and applied for 
n-channel OFETs. 
 
1.3.2 Fluorine-Containing N-type semiconductors 
It is an important strategy to introduce strong electron withdrawing halogen 
atoms into organic semiconductor molecules to design n-channel semiconductors. 
Fluorine is one of the most widely used substituents to realize n-type behaviors.30 
For instance, pentacene is a benchmark molecule for p-channel semiconductors, 
while perfluoropentacene (1-26a)31 shows n-type characteristics (Figure 1.5). 
Transistors based on evaporated thin films of 1-26b exhibited electron mobility as 




conditions showed p-type behavior with a hole mobility of 0.45 cm2 V-1s-1. Their 
comparable mobilities have made pentacene and 1-26a suitable for the application 
of ambipolar OFETs and complementary circuits. The tetrafluoro (1-26b) and 
octafluoro (1-26c) substituted Pentacene derivatives were also synthesized and 
characterized.32 OFETs based on 1-26b–c showed ambipolar behaviors under N2 
(for 1-26b, μe = 0.105 cm2 V-1s-1, μh = 0.07 cm2 V-1s-1; for 1-26c, μe = 0.41 cm2 
V-1s-1, μh = 0.33 cm2 V-1s-1). Transistors based on vacuum deposited films of 1-27 
showed electron mobility of 0.016 cm2 V-1s-1 and a current on/off ratio of 104.  
 
















1-26b R1 = H, R2 = F






























1-28a R = F, M = Cu
1-28b R = F, M = Zn





Figure 1.5 Chemical structures of fluorinated semiconductors 1-26 – 1-29 
 
A series of perfluorometallophthalocyanines (1-28a–c)33a were also designed 
for OFETs, they showed n-type behaviors with good air stability. For example, 




mobility at 0.03 cm2 V-1s-1 (Figure 1.5). Single crystalline nanoribbons of 1-28a 
were obtained by Hu’s group, and the fabricated transistors showed a mobility of 
0.2 cm2 V-1s-1.33b 
Many perfluoroalkyl and perfluorophenyl substituted derivatives were 
synthesized and examined in OFETs as well, and most of them exhibited 
n-channel behaviors. For example, the perfluorobutyl substituted pentacene 
(1-29)33c showed an electron mobility of 1.7 × 10-3 cm2 V-1s-1 (Figure 1.5). 
 
1.3.3 Cyano-Containing N-type semiconductors 
Figure 1.6 Chemical structures of CN-substituted semiconductors 1-30 – 1-32 
 
A terthiophene-based quinoidal molecule (1-30a, Figure 1.6) was reported by 
Frisbie et al, its cast films34 showed electron mobility at about 0.002 cm2 V-1s-1 




was air stable and its spin-coated films 36 exhibited a mobility of 0.16 cm2 V-1s-1 
after annealing at 150 oC (Figure 1.6). Normally, derivatives with alkylated 
thiophene rings were not suitable for use in OFETs due to the steric effects 
hampering the ordering of the molecules.37 The quinoidal biselenophene 
derivatives (1-30e–f)37 were also employed as the active components of n-channel 
OFETs, they showed higher performance than their bithiophene counterparts 
(1-30c–d). Recently, two diketopyrrolopyrrole (DPP)-containing quinoidal 
molecules 1-30g–h were reported by Qiao et al,38 they exhibited maximum 
electron mobility up to 0.55 cm2 V-1s-1with Ion/Ioff values of 106 for 1-30g by 
vapor evaporation, and 0.35 cm2 V-1s-1 with Ion/Ioff values of 105-106 for 1-30h by 
solution process technique in ambient air.  
Oligothiophenes end-capped with tricyanovinyl groups were supposed to be 
highly attractive, because the strong electron-withdrawing tricyanovinyl groups 
might inverse the transport ability of majority carriers.39 Except for the 
sexithiophene derivative (1-31b), 1-31a and 1-31c–d showed n-channel behaviors 
and the highest performance was obtained from 1-31a with an electron mobility at 
0.02 cm2 V-1s-1 (Figure 1.6). CN-groups substituted into the backbone of the 
acenes or heteroarenes have also been reported. The oligomer 1-32 showed 
fascinating n-type performance with an electron mobility of 0.34 cm2 V-1s-1.40  
 




Carbonyl-containing semiconductors reported as being suitable for use in 
n-channel OFETs are most often combined with halogen atoms or cyano-groups 
as the electron-withdrawing units. Carboximide is one of the most important 
classes of n-channel semiconductors. Some of the dicarboximide that have been 
reported as active layers in n-channel OFETs include naphthalene diimides (NDI), 
perylene diimides (PDI), pyromellitic diimides (PMDI), anthracene diimides 


























1-34a R = H
1-34b R = CN
1-33c R = s-Bu
1-33d R = C8H17
1-33e R = C12H25
1-33f R = C18H37
1-33g R = Cyclohexyl
1-33h R = C6H13
1-33i R = CH2C3F7
1-33j R = CH2C7F15



















Figure 1.7 Chemical structures of NDI based semiconductors 1-33 – 1-35 
 
Naphthalene tetracarboxylic dianhydride (NDA, 1-33a) is one of the first 
successes of n-channel materials (Figure 1.7). NDA showed an electron mobility 
of 3 × 10-3 cm2V-1s-1 via vacuum deposited films.41 The unsubstituted naphthalene 




about 10-4 cm2V-1s-1; nonetheless, NDI with alkyl substitutents on the N atoms 
(1-33c–h) exhibited high electron mobility (Figure 1.7).42 For example, the octyl 
substituted NDI derivative (1-33d) showed an electron mobility at 0.16 cm2V-1s-1, 
and the sec-butyl (1-33c) and dodecyl functionalized NDI (1-33e) derivatives  
showed mobilities at 0.04 and 0.01 cm2 V-1s-1, respectively.  
Recently, Shukla et al.43 reported a cyclohexyl substituted NDI (1-33g), its 
thin film transistors exhibited typical n-channel behavior with electron mobility 
up to 6.2 cm2 V-1s-1 (Figure 1.7). In addition, the mobility increased up to 7.5 cm2 
V-1s-1 when devices were measured in argon atmosphere under low humidity 
conditions. It is one of the highest values reported for n-type semiconductors so 
far. In contrast, the hexyl substituted derivative (1-33h) showed a mobility of 0.70 
cm2 V-1s-1, lower than that of 1-33g. This phenomenon could be ascribed to their 
different molecular arrangements in the films, although they both showed lamellar 
packing motifs with strong intermolecular π-π stacking. 1-33g gives a 2D lamellar 
π-π stacking which results in efficient charge transport and extremely high device 
performance. However, 1-33h shows only 1D lamellar stacking, and less π-π 
interactions lead to lower mobility.  
When fluorine atom was introduced into NDI molecules, they exhibited n-type 
performances under ambient conditions. For example, the derivatives of 
1-33i–k42b showed electron mobility at 0.01 cm2 V-1s-1 (Figure 1.7). The 




being stored in air for one month, 1-33l devices showed significant degradation, 
while no obvious degradation was observed for 1-33m devices (Figure 1.7).  
Two CN-substituted NDI semiconductors (1-34a–b)46 were synthesized to 
improve the environmental stability of these semiconductors. The average 
electron mobility of NDI-CN (1-34a) films was only at 4.7 × 10-3 cm2 V-1s-1 while 
the mobility of NDI-CN2 (1-34b) was at 0.15 cm2 V-1s-1. Although the 
performance of 1-34b was comparable to the derivative 1-33d which is 
unsubstituted by CN-groups, the mobility could be maintained as high as 0.11 cm2 
V-1s-1 when tested in air. It suggests excellent environmental stability of the 
compounds. The thiophene-substituted NDI derivatives 1-3547 (at 










1-36b R = C5H11
1-36c R = C8H17
1-36d R = C12H25
1-36e R = C13H27
1-36f R = Cyclohexyl















1-36i R = R1 or R2 = F
1-36j R =









1-37a R = CH2CF3
1-37b R = CH2C3F7
1-37c R = CH2C7F15
1-37d R = CH2C6F4CF3
1-37e R = CH2C6F5
1-37f R = Cyclohexyl
1-37g R = C8H17
 





With results similar to those for NDA, PDA (1-36a) exhibited n-type 
behaviors with an electron mobility of 10-4 cm2 V-1s-1 under vacuum (Figure 
1.8).48 In addition, single crystal transistors of PDA showed a mobility at 5 × 10-3 
cm2 V-1s-1, which was one order of magnitude higher than that for its thin film 
devices under vacuum.49 Using polycrystalline films of octyl-substituted PDI 
(1-36c) to fabricate devices, a mobility up to 1.7 cm2 V-1s-1 was obtained.50 In 
other results, the pentyl (1-36b)51 and dodecyl (1-36d)50b substituted derivatives 
showed mobilities up to 0.1 and 0.52 cm2 V-1s-1, respectively. The 
tridecyl-substituted PDI (1-36e)52 showed mobility around 0.58 cm2 V-1s-1, and 
this could be improved up to 2.1 cm2 V-1s-1 when devices were annealed at 140 
oC.53 However, the cyclohexyl (1-36f)54 and phenyl (1-36g)55 substituted 
derivatives exhibited lower values of only 1.9 × 10-4 and 0.017 cm2 V-1s-1, 
respectively.  
Fluorinated alkyl and aryl substituents were also introduced onto PDI 
molecules in the nitrogen atom positions. A series of fluorophenyl substituted PDI 
derivatives (1-36h–k) were prepared by Chen et al (Figure 1.8).55b The 
monofluoro-substituted derivative showed low mobility in the range of 10-3 - 10-4 
cm2 V-1s-1. The difluoro-, trifluoro-, and perfluorophenyl- substituted derivatives 
(1-36i–k) were usually over 10-2 cm2 V-1s-1, and the perfluorophenyl PDI (1-36k) 




introduction of the fluorine atoms, both the stability and mobility of the materials 
are improved.  
CN-substituted PDIs at core positions (1-37a–g) were also synthesized and 
applied for n-channel OFETs with good air stability (Figure 1.8). The evaporated 
films of core-cyanated PDI derivatives 1-37b, 1-37f, and 1-37g showed mobilities 
at 0.64, 0.10, and 0.16 cm2 V-1s-1, respectively.56 On the other hand, the other 
materials (1-37a, 1-37c, 1-37d, and 1-37e)56c gave rather low mobility. Recently, 
transistors based on 1-37b57 with spin-coated films showed electron mobility at 
around 0.15 cm2 V-1s-1 under vacuum.  
 
Figure 1.9 Chemical structures of imide-containing semiconductors 1-38 – 1-39 
 
The 3,4,9,10-perylenetetracarboxylic bis-benzimidazole (PTCBI, 1-38a) is 
usually used as an electron acceptor in organic photovoltaic cells, its mobility 




(SAM) (Figure 1.9).58 Recently, a series of arylenediimidethiophene derivatives 
(1-38b–d) were reported by Marks et. al,59 the highest performance was obtained 
from 1-38c with an electron mobility at 0.35 cm2 V-1s-1 (1-38b and 1-38d 
displayed mobility at 0.10 and 0.15 cm2 V-1s-1, respectively) from vapor deposited 
film, the solution processed films showed the electron mobility at only 4×10-5 to 
3×10-3 cm2 V-1 s-1 under vacuum. 
Several core-expanded NDI derivatives (1-39a–b) were reported recently by 
Gao et al (Figure 1.9).60 The core-expanded π-system facilitated π-π stacking and 
the rich electron withdrawing groups (such as malonitrile) lowered the LUMO 
energy levels, and the electron mobility of solution-processed devices (1-39b) 
reached 0.51 cm2 V-1s-1 under ambient conditions. 
 





A series of pyromellitic dimides (PMDI) derivatives (1-40a–c) contained 
minimal cores for n-channel semiconductors have been synthesized (Figure 
1.10).61 The maximum mobilities were about 0.074, 0.079, and 0.03 cm2 V-1s-1 for 
1-40a, 1-40b, and 1-40c, respectively, with on/off ratios in the range of 104-105. A 
family of anthracenedicarboximides derivatives (ADIs, 1-41a–c) were reported by 
Marks’ group, an electron mobility of 0.02 cm2 V-1s-1 and an on/off ratio at 107 
were achieved.62 Further studies on the CN-substituted ADIs (1-41d) gave a 
electron mobility of 0.02 cm2 V-1s-1 when tested in air, with an on/off ratio over 
107.When devices of 1-41d were measured under vacuum, a similar mobility of 
0.03 cm2 V-1s-1 was observed.  
Tetracene dimide 1-42 with the imide groups at the zig-zag edges was reported by 
Yamada’s group (Figure 1.10).63 A top-contact OFET was fabricated by vapor 
deposition of 1-42 under nitrogen. The device performance was moderate, 
showing an electron mobility at 3.3 × 10-3 cm2 V-1s-1. Ovalene diimide (ODI, 
1-43a) and its cyanated derivative (ODI-2CN, 1-43b) were designed and 
synthesized by Wu’s group.64 Although 1-43a showed ordered self-assembly 
behavior, it did not show any obvious OFET activity in air or nitrogen atmosphere. 
However, its cyanated derivative 1-43b exhibited typical n-channel 
semiconducting behavior in solution processed OFET devices, showing high 




Recently, a hybrid rylene array 1-44 was synthesized by Wang et. al (Figure 
1.10).65 Thin films of 1-44 spin-coated from chloroform solution were fabricated 
for devices under ambient conditions, the as casted thin-film devices showed a 
moderate electron mobility of 0.02 cm2 V-1s-1. After annealing the thin film at 
220 °C, device performance was significantly improved with the electron mobility 
reaching 0.25 cm2 V-1s-1 accompanied by a high current on/off ratio of 107. 
However, the synthesis of 1-44 was via toxic organic tin intermediate. 
 
1.3.5 Nitrogen-Containing Heterocyclic N-type semiconductors 
Nitrogen-containing π-conjugated molecules in which some of the C-H groups 
are replaced with sp2-hybridized nitrogen atoms (=N-), have been shown both 
experimentally and theoretically to be featured with a less negative reductive 
potential, high electron affinity, and ambient stability.66 
As a typical nitrogen-containing heterocyclic compound, pyrazine containing 
two nitrogen atoms (=N-) has been proven as a valuable building block for 
thermally stable polymers and electron-accepting π-conjugated polymers. 
Recently, pyrazine is frequently used in the design and synthesis of n-type organic 
semiconductors, such as pyrazinoquinoxaline derivatives, N-heteroacenes, owing 
to its electron deficient characteristics. The electron affinity of the resultant 
compounds is noticeably higher than that of analogous polycyclic aromatic 






Figure 1.11 Chemical structures of N-containing acene based semiconductors 
1-45 – 1-46 
 
A series of soluble and stable N-heteropentacenes were designed and prepared 
by Miao’s and Gong’s group.67 One pyrazine containing N-heteropentacene 1-45a 
functioned as an ambipolar semiconductor, showing hole mobility at 0.02-0.05 
cm2 V-1s-1, and electron mobility at 2–4 × 10−4 cm2 V-1s-1 via films deposited at a 
substrate temperature of 100 °C (Figure 1.11). However, two pyrazine containing 
N-heteropentacene 1-45b functioned as an n-type semiconductor, with electron 
mobility in the range of 1.0 – 3.3 cm2 V-1s-1 via vacuum deposited films under 
vacuum. When the transistors of 1-45b were investigated in ambient atmosphere, 




field-effect mobility measured from the solution processed films was 3 × 10−3 cm2 
V-1s-1 for 1-45b, the low mobility of 1-45b in the solution-cast films can be 
attributed to the electron trapping by hydroxyl groups of SiO2 surface. Two 
pyridine containing N-heteropentacene 1-45c was functioned as an ambipolar 
semiconductor, with a hole mobility at 0.008-0.11 cm2 V-1s-1, and electron 
mobility at 0.15 cm2 V-1s-1. The tetra-fluorinated N-heteropentacene 1-45d was 
also functioned as an ambipolar semiconductors, with a hole mobility at 
0.0015-0.08 cm2 V-1s-1, and electron mobility at 0.09 cm2 V-1s-1 (Figure 1.11).  
In addition, N-substituted acene quinones (1-46a–e) were also synthesized and 
used for n-channel devices (Figure 1.11).68 Vacuum deposited thin films of 1-46b 
performed as n-channel transistors with electron mobility at 0.04-0.12 cm2 V-1s-1 
under vacuum, and 2 × 10-3 cm2 V-1s-1 in air. On the other hand, 1-46a showed a 
much lower electron mobility of 10-6 cm2 V-1s-1 due to the low crystalline films. 
1-46c and 1-46d showed similar electron mobility at 10-5 cm2 V-1s-1, while 1-46e 
did not show any obvious OFET activity in air or nitrogen atmosphere, the poor 
performances of 1-46c-e can be attributed to the amorphous nature of their films, 
since it is well known that the field effect mobility is very sensitive to the 
crystallinity of the thin film. 
All of these N-containing acene based semiconductors gave ambipolar or 
n-channel behavior. The best mobility was achieved from vacuum deposited films, 




mobility, or even no OFET behavior. 
 
1.3.6 Objectives 
N-channel semiconductors are of significant importance. Nonetheless, the 
research for n-channel molecules is not so mature, and only a limited number of 
n-type semiconductors have been achieved. The general design approaches to 
obtain n-channel semiconductors include introduction of electron-withdrawing 
substituents, such as fluorine, carboximide, CN groups onto the traditional p-type 
semiconductors, and replacement of the carbon atoms in the π-conjugated system 
by electron-deficient imine nitrogen atoms. According to this guidance, some 
n-type semiconductors have been successfully synthesized and applied for 
n-channel OFETs. However, for large scale fabrication of low-cost devices, 
solution based film deposition processes at low temperature with high charge 
mobility are highly desirable. 
The purposes of this study were, 
1) To combine all the methods available to convert normal p-type 
semiconductors to n-type semiconductors, by introducing different electron 
withdrawing groups, or introducing the nitrogen imine into the acene 
framework, and make it suitable for fabrication of n-channel devices with high 
performance and good stability; 




fundamental chemical aspects behind the structural design and realization of 
desired properties. 
In chapter 3-5, a series of electron deficient molecules have been synthesized 
via attachment of carboximide, pyrazine and cyano groups. Their electronic, 
electrochemical properties, thermal behavior, molecular packing in the solid state, 
and OFET performances have been studied. The LUMO energy levels of these 
molecules are tuned ranging from -3.43 to -4.21eV, the electron mobility shows 
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2.1 Introduction  
In recent years, two-photon absorption (2PA) has attracted growing interest 
due to its potential applications in materials science and in biological imaging,1 
including three-dimensional optical data storage,2 lithographic micro-fabrication,3 
optical power limiting,4 two photon fluorescence imaging,5 and photodynamic 
therapy.6 These applications strongly depend on the high 2PA cross-section 
displayed by the specifically engineered organic molecules. This has led to a great 
number of works on building π-conjugated dipolar-,6 quadrupolar-7 and 
octupolar-8 molecules with π-centers and functional groups of electron-donating 
and/or electron-withdrawing groups at the terminal sites. 
Design of a star-shaped multipolar molecular structure is one of the 
strategies7a, 9 to obtain a large 2PA cross-section. The coherent coupling between 
the branches will significantly increase the 2PA cross-section. In addition, it was 
also found that a planar, extended π-conjugated core usually afforded better 
performance than the three-dimensionally twisted, non-conjugated cores. 
Star-shaped octupolar triphenyl amines and dendrimers based on planar truxene 
molecules10 have proved to be good 2PA chromophores. To further exploit good 
2PA active materials, we expect that the C3-symmetric molecule, triazatruxene 
(TAT) could be another good candidate (Figure 2.1). This idea is based on the 
following considerations: (1) TAT can be considered as an extended delocalized 




comparison with its analogue truxene, triazatruxene contains three nitrogen atoms 
which can serve as good electron donating groups like those in triphenyl amines; 
(3) selective chemical functionalizations around the TAT core allow us to 
introduce electron withdrawing groups to form star-shaped octupolar 
chromophores such as 2-1 - 2-6 (Figure 2.1). So this design combines the 
advantages of the electron donating properties of aryl amines and the branched 
feature of truxene. The additional thienylene vinylene units in 2-4 – 2-6 can 
further improve the π-conjugation in each arm and tune the 2PA properties. 
Although some research has been done for the TAT-based materials,11 this 
interesting building block has not been used to develop 2PA chromophores. In 
this chapter, for the first time, we report the synthesis of a series of TAT-based 
octupolar chromophores which show large 2PA cross-section in the near infrared 
(NIR) range. 
 
Figure 2.1 Molecular structures of star-shaped octupolar triazatruxenes 2-1 – 2-6. 
 
2.2 Results and Discussion 




The synthesis of the octupolar TAT molecules 2-1 – 2-6 is shown in Scheme 
2.1. Three different electron-withdrawing groups are introduced onto the TAT 
core at the periphery sites to form a C3-symmetric structure and this results in 
three dipoles at three directions with a net zero permanent dipole moment. The 
synthesis started from alkylation of the known hexabromotriazatruxene 2-711a 
with 1-bromododecane in the presence of KOH to give compound 2-8 in a 90% 
yield. Three dodecyl groups were introduced onto the TAT core to increase the 
solubility and to facilitate the subsequent synthesis and purification.11h The 
reductive debromination of 2-8 was performed in refluxing THF in the presence 
of 10% Pd/C, providing 2-9 in a 95% yield. The key step is the selective 
introduction of three –CHO groups onto the para-positions of the nitrogen atoms 
in 2-9. The Vilsmeier-Haack condition12 (POCl3/DMF) was first tested, but it 
failed to give the trisformylated compound 2-10 even by increasing the reaction 
temperature or prolonging the reaction time. Therefore more reactive condition, 
CHCl2OCH3/SnCl4 system,13 was performed and compound 2-10 was obtained in 
a 55% yield. Compound 2-1 was then prepared as a red powder in an 83% yield 
by three-fold condensation reaction between the –CHO groups and excessive 
malononitrile (2-11) in the presence of TiCl4 and pyridine in dichloromethane 




2-1214c, 2-1316 and 2-1417 in dry THF afforded compounds 2-2, 2-3 and 2-15 in 













































































(a) + 2-11, TiCl4 / pyridine, 83%
(b) + 2-12, t-BuOK, THF, 84%
(c) + 2-13, t-BuOK, THF, 72%
2-4 2-5 2-6
(d) (e) (f)
(d) + 2-11, TiCl4 / pyridine, 75%
(e) + 2-12, t-BuOK, THF, 82%
(f) + 2-13, t-BuOK, THF, 85%
Scheme 2.1 Synthetic route of chromophores 2-1 – 2-6. 
 
Due to the high reactivity of the alpha-position of the periphery thiophene 
molecule, the key intermediate compound 2-16 was easily obtained in a 93% yield 
by treating 2-15 with Vilsmeier-Haack condition (POCl3/DMF).12 Afterwards, the 
chromophore 2-4 was prepared through three-fold condensation reaction between 
2-16 and malononitrile (2-11) with TiCl4/pyridine in dichloroethane (DCE) 
instead of DCM because higher temperature was necessary to complete the 
conversion. Chromophores 2-5 and 2-6 were synthesized via 
Horner–Wadsworth–Emmons reaction17 between 2-16 and compounds 2-1214c and 
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2-1316 by using t-BuOK as the base in 82% and 85% yield, respectively. It is 
worth noting that 2-1, 2-2 and 2-3 were prepared via only 4 steps with an overall 
yield of 39%, 40% and 34%, respectively and 2-4, 2-5 and 2-6 were synthesized 
via 6 steps with a good overall yield of 28%, 30% and 32%, respectively. In 
addition, all the double bond formed under Horner–Wadsworth–Emmons reaction 
condition in the chromophores 2-2, 2-3, 2-15, 2-16, 2-4, 2-5, and 2-6 were 
E-configured which could be confirmed from the 1H-1H coupling constants of the 
protons of the vinylene π-bridges (J = ~16 Hz) in their 1H NMR spectra.18 1H 
NMR, 13C NMR spectroscopy, mass spectrometry (MS) and elemental analysis 
were used to identify the chemical structure and purity of all of these 
chromophores. 
 
2.2.2 One-photon spectral properties 
The one-photon UV-vis absorption and fluorescence spectra of chromophores 
2-1 - 2-6 were recorded in different solvents and the data are shown in Figure 2.2, 
Figure 2.3, and Table 2.1 Compounds 2-1 - 2-3 in THF displayed broad intense 
absorptions with maxima at 428, 400, and 388 nm, and the emission peaks 
appeared at 575, 503 and 499 nm, respectively (Figure 2.2a), while chromophores 
2-4 - 2-6 exhibited their absorption with maxima at 512, 454 and 441 nm and 
emission maxima at 671, 570 and 554 nm, respectively (Figure 2.2b). 




red-shifted from that of 2-2 and 2-3, respectively, while that for 2-4 is 84 nm 
red-shifted from 2-1, which probably because of the attachment of very strong 
electron withdrawing dicyanomethylene groups. 
(a) (b)
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Figure 2.2 Normalized steady state UV-vis absorption and fluorescence spectra of 
chromophores (a) 2-1 – 2-3, and (b) 2-4 – 2-6 in THF. 
 


















Toluene 436 67200 528 3996 3 730 [820nm] 22 
THF 428 65700 575 5970 4 840 [820nm] 34 
2-2 
 
Toluene 401 80700 480 4104 19 770 [800nm] 146 
THF 400 86000 503 5119 22 1110 [800nm] 244 
2-3 
 
Toluene 388 83200 462 4128 15 1050 [800nm] 158 
THF 388 89800 499 5733 16 1580 [800nm] 253 
2-4 Toluene 514 48700 606 2950 8 540 [770nm] 43 
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 THF 512 59300 671 4628 2 280 [770nm] 6 
2-5 
 
Toluene 455 137500 524 2894 21 1620 [740nm] 340 
THF 454 142700 570 4482 22 1600 [740nm] 352 
2-6 
 
Toluene 444 122900 508 2837 34 1050 [740nm] 357 
THF 441 133000 554 4625 40 1410 [740nm] 564 
a one-photon absorption maximum, the experimental uncertainty is ±1 nm. b molar 
extinction coefficient at the absorption maximun. c one-photon emission 
maximum, the experimental uncertainty is ±1 nm. d Stokes shift = (1/λabs－1/λem ). 
e fluorescence quantum yields by using fluorescein (pH ≈ 11, NaOH aqueous 
solution) as a standard the experimental uncertainty is ± 5-10%. f 2PA 
cross-section maximum in the measurable range; 1 GM = 10-50cm4 s photon-1; the 
corresponding excitation wavelengths are shown in the square brackets; the 
experimental uncertainty on δ is of the order of (±) 12-15% of the corresponding 
values for 2-2, 2-3, 2-5 and 2-6 and (±) 25% of the corresponding values for 2-1 
due to its low quantum yield. g 2P action cross section. 
 
Although the solvent polarity has only little effect on the absorption spectra 
(Figure 2.3), significant bathochromic shift of the emission band was apparently 
observed for each chromophore with increasing solvent polarity. By taking 
compound 2-1 as an example, the fluorescence spectra show pronounced 
bathochromic shift with the increase of solvent polarity, i.e., from less polar 
toluene to highly polar DCM, the emission maximum red shifted from 528 nm to 
591 nm (Figure 2.3). Such a positive solvatochromism was commonly observed 
for many 2PA chromophores due to the photo-induced intramolecular charge 
transfer (ICT)1b from the center to the periphery. This could be explained by that 




forming a relaxed, dipolar excited state localized on one of the donor-acceptor 
pairs.8k It could also be ascribed to the large steady state octupole moments in 
polar solvents. 
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Figure 2.3 Steady state UV-vis absorption and fluorescence spectra of 
chromophores 2-1 – 2-6 in different solvents. For the UV-vis absorption spectra, 
the concentration of the solution is 1.0 × 10-5 M; and for fluorescence 
measurements, the solution concentration is 1.0 × 10-6 M; the excitation 
wavelengths for the chromophores 2-1 – 2-6 are 440, 402, 389, 520, 452 and 442 
nm, respectively. 
 
The observed large Stokes shifts (5970, 5119, 5733, 4628, 4482 and 4625 




redistribution occurs upon excitation, prior to emission, and that the emission 
originates from a strongly dipolar emissive state.8k Potentially large 2PA cross 
sections can be obtained for these chromophores. All compounds except 2-1 and 
2-4 have moderate fluorescence quantum yields (Φ, Table 2.1), which also depend 
on the solvent polarity. The significant decrease in quantum yields for compounds 
2-1 and 2-4 could be due to the strong intramolecular charge transfer. This would 
promote the solute-solvent interactions, by which the excited state of the 
chromophore would be readily quenched and the quantum yield decreases.8i,19  
The fluorescence lifetime was measured by using a Time-Correlated Single 
Photon Counting (TCSPC) technique. The frequency-doubled output of a 
mode-locked Ti:sapphire laser (Tsunami, Spectra-Physics) at 400 nm was used for 
excitation of the sample. The output pulses from Ti:sapphire centered at 800 nm 
had a duration of 50 fs with a repetition rate of 80 MHz. The fluorescence 
intensity was collected by an optical fiber which is directed to an avalanche 
photodiode (APD). The signals were processed by a PicoHarp 300 module 
(PicoQuant) with a temporal resolution of ≈ 150 ps. Mono-exponential decays 
were observed for all compounds (Figure 2.4) and the fluorescence lifetimes were 
1.78 ns, 1.35 ns, 2.24 ns, 1.20 ns, 1.44 ns and 1.29 ns for 2-1 – 2-6, respectively.  
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  2-1  1.78 ns 
 2-2  1.35 ns
 2-3  2.24 ns
 2-4  1.20 ns
 2-5  1.44 ns













Figure 2.4 Fluorescence decay curves of chromophores 2-1 – 2-6 in toluene. 
 
2.2.3 Electrochemical Properties 
The electrochemical properties of compounds 2-1 – 2-6 were investigated by 
cyclic voltammetry (CV) and differential pulse voltammetry (DPV) in DCM. One 
or two quasi-reversible oxidation wave observed for each chromophore (Figure 
2.5). Their HOMO, LUMO energy levels and energy gaps are shown in Table 2.2. 
The HOMO energy levels derived from the onset of oxidation potential are -5.12, 
-5.15, -5.15, -5.11, -4.97 and -5.00 eV for 2-1 – 2-6, respectively.20 Accordingly, 
the respective LUMO energy levels are deducted as -2.61, -2.45, -2.36, -3.06, 
-2.60 and -2.57 eV based on equation LUMO = HOMO + Eg, where Eg is the 
optical energy gap.20 One can see that compounds 2-1 – 2-3 have similar HOMO 
energy levels probably because they have a common electron rich TAT core, but 




electron-withdrawing groups. The stronger electron-withdrawing group such as 
dicyanomethylene pulls down the LUMO energy level and as a result, a smaller 
energy gap was observed for 2-1. For compounds 2-4 – 2-6, the additional 
thienylene vinylene units further increased the π-conjugation and led to a higher 
lying HOMO energy level and a convergence of the HOMO-LUMO energy gap in 
comparison to the corresponding chromophores 2-1 – 2-3. 
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Figure 2.5 Cyclic voltammograms of chromophores 2-1 – 2-6 in DCM  with 0.1 
M Bu4NPF6 as the supporting electrolyte, AgCl/Ag as reference electrode, Au as 
working electrode, Pt wire as counter electrode, and scan rate at 50 mV/s. (Inset: 
the differential pulse voltammograms of chromophores 2-5 and 2-6 showing two 
distinguishable redox waves). 
 
Table 2.2 Electrochemical properties of the chromophores 2-1 – 2-6 
Compound a Eoxonset / V HOMO b / eV LUMO c / eV Eg d/ eV 
2-1 0.32 -5.12 -2.61 2.51 
2-2 0.35 -5.15 -2.45 2.70 
2-3 0.35 -5.15 -2.36 2.79 
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a Eoxonset is the onset potential of the first oxidation wave relative to EFc+/Fc. Fc+/Fc 
was used as internal reference for these measurements, E1/2 = 0.40 V for Fc+/Fc vs 
AgCl/Ag; b HOMO = – (4.8 + Eoxonset); c LUMO = HOMO + Eg; d Eg (optical 
energy gap) calculated from the low-energy absorption edge. 
 
2.2.4 Two-Photon Absorption (2PA) Characteristics  
2PA spectra of the chromophores 2-1 - 2-6 were recorded in toluene and THF 
by two-photon excited fluorescence (2PEF) measurements in the range of 740-860 
nm (Figure 2.6, Figure 2.7). The 2PEF spectra of these samples were compared 
with a reference solution of fluorescein at the corresponding excitation 
wavelengths.21 All six chromophores exhibited maximum 2PA cross section (δ) 
ranging from 280 GM to 1620 GM in the two solvents (Table 2.1). A quadratic 
dependence of the 2PEF on the incident power was observed (Figure 2.8), 
indicating a two-photon absorption process. 
A discernable trend of the two-photon absorption cross section (δ) was 
observed for chromophores 2-1 – 2-3. The values in toluene increase from 2-1 to 
2-3 with the maxima 2PA cross-section increasing from 730 GM to 1050 GM 
(Figure 2.6a). A similar trend was observed in THF (Figure 2.7). Since 2-1 – 2-3 
have a common TAT core with the same electron donating effect, such a 
difference must be owing to the varied electron withdrawing groups and the 
2-4 0.31 -5.11 -3.06 2.05 
2-5 0.17 -4.97 -2.60 2.37 




different effective π-conjugation length. Although the dicyanomethylene group 
shows the strongest electron-withdrawing property, 2-2 and 2-3 have more 
extended conjugation length than 2-1, which results in larger 2PA cross-section 
than 2-1. Chromophores 2-2 and 2-3 have the similar conjugation length, while 
2-3 has the –CN group at the terminal site which may cause 2-3 to have the larger 
two-photon absorptivity than 2-2.7u,8j 
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Figure 2.6 2PA spectra of the compounds 2-1 – 2-6 in toluene. 
 





















































Figure 2.7 2PA spectra of the compounds 2-1 – 2-6 in THF 
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Figure 2.10 Quadratic dependence of two-photon excited fluorescence (2PEF) on 
the incident power: a) chromophore 2-1; b) chromophore 2-2; c) chromophore 2-3; 
d) chromophore 2-4; e) chromophore 2-5; and f) chromophore 2-6. 
 
Compounds 2-4 – 2-6 in toluene show their maxima 2PA cross-section (δ) of 
540 GM at 770 nm, 1620 GM at 740 nm and 1050 GM at 740 nm, respectively, 
which are larger than that of 2-1 – 2-3 (Figure 2.6). This trend could be explained 




vinylene unit into the each branch. The longer π-conjugated compound may have 
a larger number of density of states which could provide more effective coupling 
channels between the ground states and two-photon allowed states, which in turn 
will enhance the 2PA cross-section.8j Chromophores 2-1 – 2-3 showed their 2PA 
cross section maxima in the sequence: 2-3 > 2-2 > 2-1, and chromopores 2-5 and 
2-6 exhibited comparable 2PA cross section values with both larger than that for 
2-4.  
It is clearly to see the trend of 2P action cross section maximum values of the 
six chromophores, 2-3 > 2-2 > 2-1, 2-6 > 2-5 > 2-4 in toluene as well as in THF 
(Figure 2.9, and Table 2.1). The 2P action cross section maxima of 2-2, 2-3 are 
almost the same and much larger than that of 2-1, and this is due to the relatively 
low quantum yield of 2-1. In the measurement range from 740 to 860 nm, 2P 
action cross section of 2-6 is a little bit larger than that of 2-5, and much larger 
than that of 2-4. In addition, the 2P action cross section of 2-2, 2-3, 2-5, and 2-6 
are larger in THF than those in toluene (Table 2.1). It is worth noting that 
compared with rhodamine B, one common commercial fluorophore with 2PA cross 
section value of 200 GM and 2P action cross section (δΦ) of 140 GM at 840 nm in 
MeOH,22 both compounds 2-5 and 2-6 have much higher 2PA cross section and TP 
action cross section values. Thus, compounds 2-5 and 2-6 could be potential efficient 
two-photon fluorescent (2PF) probes. 
Star-shaped Octupolar Triazatruxenes Based Two-photon Absorption Chromophores 
58 
 


















































Wavelength / nm  
Figure 2.9 2P action cross-section spectra (δΦ) of 2-1 – 2-6 in toluene  
 
There have been few theoretical studies to address the solvent effect, but 
unfortunately the published results still lack consensus.23 One recent experimental 
study by using vinylbenzene24a and vinylfluorene24b derivatives revealed that, unlike 
one-photon transition, two-photon transition does not correlate with the polarity of 
the solvent. However, Bazan et al.25 reported that the 2PA cross-section value of 
distyrylbenzene chromophores was solvent-dependent and nonmonotonic, and the 
maxima 2PA cross-section values were observed in the solvent with intermediate 
polarity. On the other hand, the 2PA cross-section values of octupolar molecules are 
expected to show little solvent dependence on account of a lack of permanent dipole 
moment. However, theoretical and computational studies indicate the influence of 
dipolar, quadrupolar, octupolar, and higher-order interactions with the solvent.23c In 
our TAT-based chromophores, no clear trend of the solvent dependence was 
observed. In the non-polar solvent such as toluene, the δΦ values are slightly 




to the conformation of the chromophore molecules in excited states and solvation 
effect in different solvents. The small difference may be due to the rigid and 
planar core structure of these TAT-based chromophores. 
 
2.2.5 Thermal Properties 
The thermal stability is one of the key requirements for some practical 
applications of organic chromophores used in a solid matrix. The thermal stability 
of the compounds are examined by thermogravimetric analysis (TGA) in N2 at a 
heating rate of 10 oC/min, and all the compounds have high thermal stability, with 
decomposition temperatures (Td, corresponding to a 5% weight loss) at 330, 347, 
378, 352, 393 and 420 oC for compounds 2-1 – 2-6, respectively (Figure 2.10). 
These results confirm that the triazatruxene-containing chromophores are 
thermally stable.  
































 5  
 6  
Figure 2.10 TGA curves of compounds 2-1 – 2-6. TGA curves were obtained 
under N2 at a heating rate of 10 oC/min. 
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2.2.6 Photostability Test 
The photostability of a chromophore is of great importance regarding potential 
application for two-photon fluorescent microscopy (2PFM) probes. Herein the 
photostability and 2PA cross sections of chromophores 2-1 – 2-6 were compared 
with the commercially available Fluorescein via photodecomposition experiments 
using absorption method (Figure 2.11).26 A figure of merit (FM)26b,26c which probes 
for 2PFM was defined as two-photon action cross section (Φδ) normalized by 
their photodecomposition quantum yields (η) (see experimental section), i.e., FM = 
Φδ/η, and the data are shown in Table 2.3. The FM values of all chromophores are 
1-3 orders of magnitude higher than that of fluorescein, providing strong support 
for the fidelity of chromophore 2-5 and 2-6 relative to commercial fluorescein 
probes for 2PFM biological imaging.  
 
Table 2.3 Photostability test data for 2-1 – 2-6 and fluorescein 
Compound η × 106 a Φδ b FM × 10-6 c 
2-1 0.04 22 550 
2-2 1.22 146 120 
2-3 9.0 158 18 
2-4 0.28 43 154 
2-5 0.07 340 4857 




Fluorescein 7.16 33 5 
a Photobleaching decomposition quantum yield, the experimental uncertainty is ± 
15%. b 2P action cross section maximum in the measurable range in GM. c Figure 
of merit in GM, FM = Φδ/η. 
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Figure 2.11 Absorbance spectra of (a) 2-1, (b) 2-2, (c) 2-3, (d) 2-4, (e) 2-5, (f) 2-6 




A new synthetic route was developed to prepare six new star-shaped octupolar 
compounds based on triazatruxene. The synthesis of the trisformylated precursor 
2-10 was the key for the synthesis of 2-1, 2-2, 2-3 and 2-15. Direct formylation 
introduced three aldehyde groups onto 2-15, which was the key intermediate to 
synthesize 2-4, 2-5, and 2-6. In general, all the six chromophores were readily 
obtained with a good overall yield from the starting material 2-7. Solvent polarity has 
little effect on the UV-vis absorption spectra, while significant bathochromic shift of 
the emission spectra was observed together with a larger Stokes shift in polar solvents 
due to intramolecular charge transfer. Chromophores 2-1 – 2-6 show high two-photon 
absorptivity with the maxima ranging from 280 GM to 1620 GM. At the same time, 
2-5 and 2-6 exhibit the large 2P action cross section (δΦ) and the figure of merit (FM), 




thermal and photo-stability. We can also expect that many modifications can be 
done on this TAT core to further tune their 2PA properties by introducing multiple 
branched or dendritic structures with more extended π-conjugation in the future. 
 
2.4 Experimental Section 
2.4.1 General  
Anhydrous tetrahydrofuran (THF) and DCM were obtained by distillation 
over sodium and CaH2, respectively. Hexabromo-triazatruxene (2-7),11a 
diethyl(benzothiazol-2-yl)methylphosphonate (2-12),14c diethyl(4-cyanophenyl) 
methyl phosphonate (2-13)16 and diethyl thiophen-2-yl methylphosphonate 
(2-14)17 were prepared according to the literature procedure. All other chemicals 
were purchased from commercial supplies and used without further purification. 
Deuterated solvents for NMR spectroscopic analyses were used as received. 
1H NMR and 13C NMR spectra were recorded in CDCl3 or CDCl2CDCl2. All 
chemical shifts are quoted in ppm, relative to tetramethylsilane, using the residual 
solvent peak as a reference standard. MS were recorded in either EI mode or FAB 
mode and high resolution mass spectrometry were recorded with FAB ionization 
source. Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) 
analysis was performed by using dithranol as matrix. UV-vis absorption and 
fluorescence spectra were recorded in HPLC pure solvents. Melting points were 
checked on the Buchi Melting Point B-540 instrument by using capillary method. 
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Cyclic voltammetry was performed on an electrochemical analyzer with a 
three-electrode cell in a solution of 0.1 M tetrabutylammonium 
hexafluorophosphate (Bu4NPF6) dissolved in dry DCM at a scan rate of 50 mV s-1. 
A gold electrode with a diameter of 2 mm, a Pt wire and an Ag/AgCl electrode 
were used as the working electrode, the counter electrode and the reference 
electrode, respectively. The potential was calibrated against the 
ferrocene/ferrocenium couple. Thermogravimetric analysis (TGA) was carried out 
at a heating rate of 10 ºC/min under nitrogen flow. 
   The two-photon excited fluorescence (2PEF) method was used to measure the 
2PA cross sections.21 The excitation source was a femtosecond Ti:sapphire 
oscillator pumped by a 532 nm diode laser. The output laser pulses have pulse 
duration of 50 fs, a repetition rate of 80 MHz, and a center wavelength at 800 nm. 
The power of the laser beam before the samples was adjusted to 100 mW using 
neutral density filters for most measurements. The samples were excited by 
directing a tightly collimated, high intensity laser beam onto the sample. The 
emission from the sample was collected at a 90° angle by a pair of lens and 
optical fibers and directed to the spectrometer, which was a monochromator 
coupled CCD system. To avoid internal filter effects, the excited volume was 
located near the cell wall on the collection optics side. This configuration 
minimizes the fluorescence path inside the sample cell and thus reduces 




before the spectrometer to minimize the intensity of pumping light scattering. 
Samples were dissolved in toluene and THF at the same concentration of 5 × 10-6 
M and the two-photon induced fluorescence intensity was measured at 740-860 
nm by using Fluorescein (5 × 10-6 M in water, pH = 11) as the reference. The 
intensities of the two-photon induced fluorescence spectra of the reference and 
sample under the same measurement conditions were determined and compared. 
The 2PA cross section of sample δs, measured by using the two-photon-induced 
fluorescence measurement technique, can be calculated by using the equation:  
2
s r r s
s r2
r s s r
F ΦC n
δ = δ
FΦ C n  
where the subscripts s and r stand for the sample and reference molecules, 
respectively. F is the integral area of the two-photon fluorescence; Φ is the 
fluorescence quantum yield and c is the number density of the molecules in 
solution. δr is the 2PA cross section of the reference molecule; n is the refractive 
indices of the solvents. The measurements were conducted in a regime where the 
fluorescence signal showed a quadratic dependence on the intensity of the 
excitation beam, as expected for two-photon-induced emission. 
The photostability of all the chromophores were determined by the absorption 
method26. For chromophore 2-1, 2-4, 2-5, and 2-6, a solution of which in toluene 
was irradiated in 1 mm path length quartz cuvettes with a 457 nm diode laser at 20 
mW, and fluorescein in 0.1 M NaOH (aq) was tested with the same condition; for 
compounds 2-2 and 2-3, a solution of which in toluene was irradiated in 1 mm 
Star-shaped Octupolar Triazatruxenes Based Two-photon Absorption Chromophores 
66 
 
path length quartz cuvettes with a 400 nm diode laser at 20 mW. The values of 
photodecomposition quantum yields, η, were calculated according to equation 1, 
and the results listed in Table 2.3 are the average of ten pairs of adjacent 
absorbance maxima. 
         equation 1 
Where η is the photobleaching decomposition quantum yield, A1 is absorbance 
maximum at t1, A0 is absorbance maximum at t0, NA is Avogadro’s number, ε is 
molar absorbance in M-1·cm-1, t1-t0 is time exposed (s), and I is the intensity of 
laser in photon·cm-2·s-1. 
 
2.4.2 Detailed Synthetic Procedures and Characterization Data 
 
2,3,7,8,12,13-hexabromo-5,10,15-tridodecyl-10,15-dihydro-5H-diindolo[3,
2-a:3',2'-c] carbazole (2-8).  
A mixture of hexabromo-triazatruxene 2-7 (2.45 g, 3.00 mmol) and KOH 
(1.68 g, 30.00 mmol) was heated to reflux in THF (30 mL) for 30 min. Then, 
1-bromododecane (3.50 mL, 13.5 mmol) was added and the mixture was refluxed 




DCM (50 mL) and washed with 10% aqueous HCl solution (50 mL × 2) and with 
saturated aqueous NaCl solution (50 mL × 2), dried over Na2SO4 and the solvent 
was removed under vacuum. The residue was purified by silica gel column 
chromatography using hexane as the eluent to give 2-8 as a yellow solid (2.3 g, 
90%). 1H NMR (500 MHz, CDCl3): δ ppm = 7.95 (s, 3H), 7.49 (s, 3H), 3.97 (t, J 
= 7.5 Hz, 6H), 1.71 (br, 6H), 1.31 - 1.22 (m, 54H), 0.90 (t, J = 7.0 Hz , 9H); 13C 
NMR (125 MHz, CDCl3): δ ppm = 140.0, 138.6, 124.8, 122.7, 118.5, 115.2, 114.4, 
101.2, 46.8, 32.0, 30.2, 29.69, 29.67, 29.60, 29.58, 29.4, 29.3, 26.5, 22.7, 14.1. 
FAB-MS (m/z): calcd. for C60H81Br6N3 : 1323.15; found: 1323.0 (M+), 1243.1 
(M+ - Br). Elemental Analysis: calcd. for C60H81Br6N3: C, 54.44; H, 6.17; N, 3.17; 





A mixture of 2-8 (0.662 g, 0.50 mmol), Et3N (0.55 mL, 4.00 mmol), HCOOH 
(0.16 mL, 4.00 mmol), and 10% Pd/C (160 mg, 0.15 mmol) in THF (10 mL) was 
heated at 70 0C overnight. The mixture was filtered through Celite, and the filtrate 
was diluted with DCM (30 mL), washed with 10% aqueous HCl (30 mL × 3), 
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dried over Na2SO4, and the solvent was removed under reduced pressure. The 
residue was purified by silica gel column chromatography using pure hexane as 
eluent to give 2-9 as a white solid (0.404 g, 95%). MP 63-65 oC. 1H NMR (500 
MHz, CDCl3 ): δ ppm = 8.29 (d, J = 8.0 Hz, 3H), 7.64 (d, J = 8.0 Hz, 3H), 7.46 (t, 
J = 8.0 Hz, 3H), 7.35 (t, J = 8.0 Hz, 3H), 4.92 (t, J = 8.0 Hz, 6H), 2.00 (quin, 6H), 
1.29 - 1.18 (m, 54H), 0.89 (t, J = 8.0 Hz, 9H); 13C NMR (125 MHz, CDCl3): δ 
ppm = 141.0, 138.9, 123.5, 122.6, 121.5, 119.6, 110.5, 103.2, 47.0, 31.9, 29.8, 
29.59, 29.58, 29.5, 29.4, 29.3, 29.2, 26.7, 22.7, 14.1. EI-MS (m/z): calcd. for 
C60H87N3: 849.69; found: 849.9 (M+). Elemental Analysis: calcd. for C60H87N3: C, 




3-tricarbaldehyde (2-10).  
Compound 2-9 (1.360 g, 1.60 mmol) was dissolved in dry DCM (10.0 mL) 
and cooled to 0 oC under an N2 atmosphere. SnCl4 (0.57 mL, 5.20 mmol, 3.25 
equiv.) was added dropwise with stirring, followed by slow addition of dichloro- 




solution was warmed to room temperature and stirred for another 36 h. The dark 
solution was poured into a separatory funnel filled with 10 g of ice and shaken 
thoroughly. The layers were separated, and the aqueous phase was diluted with 
water (10 mL) and extracted with DCM (10 mL× 3). The combined organic layers 
were washed with water (50 mL × 2) and saturated aq. NaHCO3 (50 mL × 2), 
diluted with ether (75 mL), and washed with brine (50 mL × 3). The solution was 
dried over Na2SO4, and the solvents were removed under reduced pressure to give 
the crude product as dark oil. Purification by flash chromatography (silica gel, 
hexane/EtOAc = 8:1) gave a deep-red solid (0.83 g, 55%). 1H NMR (500 MHz, 
CDCl3 ): δ ppm = 10.13 (s, 3H), 8.66 (s, 3H), 7.97 (d, J = 8.8 Hz, 3H), 7.63 (d, J = 
8.8 Hz, 3H), 4.80 (t, J = 8.2 Hz, 6H), 1.97 (quin, 6H), 1.31 – 1.14 (m, 54H), 0.86 
(t, J = 7.0 Hz, 9H); 13C NMR (125 MHz, CDCl3 ): δ ppm = 191.6, 144.4, 139.4, 
129.5, 125.9, 124.07, 122.7, 110.7, 103.7, 47.2, 31.9, 30.1, 29.6, 29.5, 29.4, 29.32, 
29.28, 26.5, 22.7, 14.1. EI-MS (m/z): calcd. for C63H87N3O3: 933.67; found: 933.9 
(M+). Elemental Analysis: calcd. for C63H87N3O3: C, 80.98; H, 9.38; N, 4.50; 
found: C, 81.09; H, 9.26; N, 4.35. 
 













H-diindolo[3,2-a:3',2'-c]carbazole (2-15 ).  
Under N2 atmosphere, t-BuOK (561 mg, 5.0 mmol, 5 equiv.) was added in 
small portion to a solution of 2-14 (1.173 g, 5.0 mmol, 5 equiv.) and 2-10 (0.934 g, 
1.0 mmol) in dry THF (60 mL). After adding t-BuOK, the reaction solution turned 
red. The mixture was stirred at 65 oC overnight. After cooling to room 
temperature, the reaction solution was diluted with DCM (60 mL), washed with 
water (60 mL × 2) and brine (60 mL × 2), and the organic layer was dried over 
Na2SO4. After removal of solvents, the residue was purified by column 
chromatography (silica gel, hexane/CHCl3= 4:1 - 3:1) to give the title compound 
2-15 as a yellow solid (1.00 g, 85%). MP 137-139 oC. 1H NMR (500 MHz, 
CDCl3): δ ppm = 8.10 (s, 3H), 7.59 (d, J = 7.6 Hz, 3H), 7.48 (d, J = 8.2 Hz, 3H), 
7.26 (d, J = 16.4 Hz, 3H), 7.20 (d, J = 5.0 Hz, 3H), 7.14 (d, J = 15.7 Hz, 3H), 7.10 
(d, J = 3.2 Hz, 3H), 7.06 - 7.04 (m, 3H), 4.67 (t, J = 8.2 Hz, 6H), 1.99 (quin, 6H), 
1.29 - 1.16 (m, 54H), 0.88 (t, J = 7.0 Hz, 9H); 13C NMR (125 MHz, CDCl3): δ 




120.5, 119.4, 110.6, 103.1, 47.1, 31.9, 30.2, 29.7, 29.6, 29.5, 29.4 26.9, 22.7, 14.1. 
HR-FAB-MS (m/z): calcd. for C78H99N3S3 (M+ ): 1173.7001; found: 1173.6952 
(error: -4.2 ppm); MALDI-TOF MS (m/z): calcd. for C78H99N3S3: 1173.700; 
found: 1174.776 (M + H)+. Elemental Analysis: calcd. for C78H99N3S3, C, 79.74; 





ldehyde (2-16).  
To a three-necked flask, POCl3 (0.118 mL, 1.2 mmol) and dry DMF (0.116 
mL, 1.5 mmol) were added dropwise to dry dichloroethane (DCE) (20 mL) at 0 oC 
with stirring. The mixture was warmed to room temperature, stirred for another 30 
min and cooled back to 0 oC. A cooled solution of 2-15 (117.5 mg, 0.1 mmol) in 
DMF (2 mL) was added dropwise over 5 min with stirring. The reaction mixture 
was heated to 85 oC for 10 h and poured into a stirred solution of brine and 
crushed ice (30 mL). After 30 min, the whole was extracted with DCM (3 × 30 mL) 
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and the combined organic extracts were washed with brine (30 mL), dried over 
MgSO4, filtered and concentrated in vacuo. Purification by flash chromatography 
on silica gel (ethyl acetate/hexane, 1:4) gave the title compound 2-16 as a red 
solid (117 mg, 93%). MP > 350 oC (the sample decomposes when the temperature 
is higher than 350 oC, the color of the solid changes from red to black.) 1H NMR 
(500 MHz, CDCl3): δ ppm = 9.88 (s, 3H), 8.03 (s, 3H), 7.68 (d, J = 3.8 Hz, 3H), 
7.62 (d, J = 8.8 Hz, 3H), 7.48 (d, J = 8.8 Hz, 3H), 7.30 (d, J = 15.8 Hz, 3H), 7.19 
(d, J = 15.8 Hz, 3H), 7.12 (d, J = 3.8 Hz, 3H), 4.62 (br, 6H), 1.93 (br, 6H), 1.25 - 
1.12 (m, 54H), 0.85 (t, J = 7.5 Hz, 9H); 13C NMR (125 MHz, CDCl3): δ ppm = 
182.2, 153.3, 141.0, 138.6, 137.3, 134.4, 127.7, 125.7, 123.0, 121.5, 121.1, 118.1, 
110.6, 102.8, 46.9, 31.9, 30.2, 29.72, 29.66, 29.61, 29.5, 29.3, 26.9, 22.7, 14.1. 
MALDI-TOF MS (m/z): calcd. for 1257.685; found: 1258.737 (M+ + H). 
Elemental Analysis: calcd. for C81H99N3O3S3, C, 77.28; H, 7.93; N, 3.34; O, 3.81; 




















Compound 2-10 (187 mg, 0.20 mmol) and malononitrile (2-11, 0.08 ml, 1.20 
mmol, 6 equiv.) were dissolved in DCM (10 mL) under nitrogen atmosphere and 
then TiCl4 (0.14 mL, 1.20 mmol, 6 equiv.) and pyridine (0.20 mL, 2.40 mmol, 12 
equiv.) were slowly added at room temperature. The reaction mixture was heated 
to reflux and the reaction was monitored by TLC. After 12 h the reaction was 
cooled to room temperature and the mixture was poured into water (80 mL) and 
extracted with DCM (80 mL × 3). The organic layer was dried over Na2SO4, and 
the solvent was removed under vacuum. The crude concentrated extract was 
dropped into large amount of CH3OH to give the title compound as a red 
precipitate (180 mg, 83%). MP 179-180 oC. 1H NMR (500 MHz, CDCl3): δ ppm 
= 8.93 (s, 3H), 7.95 (d, J = 8.8 Hz, 3H), 7.92 (s, 3H), 7.77 (d, J = 8.8 Hz, 3H), 
5.07 (t, J = 8.0 Hz, 6H), 1.80 (quin, 6H), 1.26 - 1.01 (m, 54H), 0.85 (t, J = 7.5Hz , 
9H); 13C NMR (125 MHz, CDCl3): δ ppm = 160.2, 144.7, 139.9, 128.2, 124.7, 
123.7, 123.6, 114.7, 114.1, 112.1, 104.3, 77.9, 47.4, 31.8, 29.52, 29.47, 29.37, 
29.26, 29.0, 26.4, 22.6, 14.1. HR-FAB-MS (m/z): calcd. for C72H87N9 (M + H)+: 
1078.7163; found: 1078.7172 (error: 0.83 ppm); MALDI-TOF MS (m/z): found 
1078.571. Elemental Analysis: calcd. for C72H87N9: C, 80.18; H, 8.13; N, 11.69; 
found: C, 80.35; H, 8.11; N, 11.51. 
 

















Under N2 atmosphere, potassium tert-butoxide (100 mg, 1.125 mmol, 9 equiv.) 
was added in portion to a solution of diethyl(benzo[d]thiazol-2-yl) 
methylphosphonate 2-12 (178 mg, 0.625 mmol, 5 equiv.) and 2-10 (117 mg, 0.125 
mmol) in dry THF (20 mL). After adding potassium tert-butoxide, the reaction 
solution turned red. The mixture was stirred at 65 oC overnight. After cooling to 
room temperature, the reaction solution was diluted with DCM (30 mL) and the 
organic layer was washed with water (30 mL × 2) and brine (30 mL × 2), dried 
over Na2SO4 and the solution was concentrated under reduced pressure. The crude 
concentrated extract was dropped into large amount of CH3OH to give the title 
compound as an orange powder (140 mg, 84%). MP 190-191 oC. 1H NMR (500 
MHz, CDCl3): δ ppm = 8.25 (s, 3H), 8.01 (d, J = 8.0 Hz, 3H), 7.83 (d, J = 8.0 Hz, 
3H), 7.74 - 7.67 (m, 6H), 7.57 (d, J = 8.0 Hz, 3H), 7.49 -7.46 (m, 6H), 7.36 (t, J = 
7.5 Hz, 3H), 4.77 (br, 6H), 1.99 (br, 6H), 1.29 - 1.11 (m, 54H), 0.83 (t, J = 7.8 Hz , 




134.2, 127.4, 126.2, 125.0, 123.1, 122.7, 122.0, 121.8, 121.4, 119.7, 110.8, 103.1, 
47.1, 31.9, 30.3, 29.86, 29.77, 29.74, 29.71, 29.66, 29.64, 29.4, 27.0, 14.1. 
HR-FAB-MS (m/z): calcd. for C87H102N6S3 (M + H)+: 1327.7406; found: 
1327.7387 (error: -1.4 ppm). MALDI-TOF MS (m/z): found: 1327.793. Elemental 
Analysis: calcd. for C87H102N6S3: C, 78.69; H, 7.74; N, 6.33; S, 7.24; found: C, 






Under N2 atmosphere, t-BuOK (200 mg, 2.25 mmol, 9 equiv.) was added in 
small portion to a solution of diethyl (4-cyanophenyl) methylphosphonate 2-13 
(200 mg, 1.25 mmol, 5 equiv.) and 2-10 (234 mg, 0.25 mmol) in dry THF (30 mL). 
After adding t-BuOK, the reaction solution turned red. The mixture was stirred at 
65 oC overnight. After cooling to room temperature, the reaction solution was 
diluted with DCM (30 mL), washed with water (30 mL × 2) and brine (30 mL × 2), 
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and the organic layer was dried over Na2SO4 and concentrated to afford a crude 
solid. The crude extract was dropped into CH3OH to give the title compound as an 
yellow powder (220 mg, 72%). MP 200-201 oC. 1H NMR (500 MHz, CDCl3): δ 
ppm = 8.30 (s, 3H), 7.73 - 7.61 (m, 18H), 7.44 (d, J = 16.4 Hz, 3H), 7.13 (d, J = 
16.4 Hz, 3H), 4.89 (t, J = 7.5 Hz, 6H), 2.05 (quin, 6H), 1.26 - 1.12 (m, 54H), 0.86 
(t, J = 7.0 Hz, 9H); 13C NMR (125 MHz, CDCl3): δ ppm = 142.4, 141.3, 139.2, 
133.7, 132.5, 128.5, 126.5, 124.3, 123.5, 121.5, 121.3, 119.1, 110.9, 110.0, 103.4, 
47.2, 31.9, 30.1, 29.7, 29.64, 29.61, 29.58, 29.47, 29.3, 26.9, 22.7, 14.1. 
HR-FAB-MS (m/z): calcd. for C87H102N6 (M+): 1230.8166; found: 1230.8187 
(error: 1.7 ppm). MALDI-TOF MS (m/z): found: 1232.139. Elemental Analysis: 










Compound 2-16 (377 mg, 0.30 mmol) and malononitrile (2-11, 119 mg, 1.80 
mmol, 6 equiv.) were dissolved in dry dichloroethane (DCE) (20 mL) under 
nitrogen atomosphere and then TiCl4 (0.2 mL, 1.80 mmol, 6 equiv.) and pyridine 
(0.29 mL, 3.60 mmol, 12 equiv.) were slowly added at room temperature. The 
reaction mixture was heated at 85 oC and the reaction was monitored by TLC. 
After 24 h the reaction was cooled to room temperature and the mixture was 
poured into water (200 mL) and extracted with DCM. The organic layer was dried 
over magnesium sulfate and the solvent was removed under reduced pressure to 
give the crude product as a red solid. Then 1.0 mL of CHCl3 was added to 
dissolve the solid, and followed by addition of 15.0 mL of CH3OH. The pure 
product was precipitated out as a purple-red solid (316 mg, 75%). MP 219-220 oC. 
1H NMR (500 MHz, CDCl3, 323 K): δ ppm = 8.12 (s, 3H), 7.72 - 7.66 (m, 6H), 
7.62 - 7.55 (m, 6H), 7.39 (d, J = 15.8 Hz, 3H), 7.23 (d, J = 15.8 Hz, 3H), 7.16 (d, 
J = 4.4 Hz, 3H), 4.75 (t, J = 7.5 Hz, 6H), 1.88 (br, 6H), 1.28 – 1.09 (m, 54H), 0.85 
(t, J = 7.0 Hz, 9H); 13C NMR (125 MHz, CDCl3, 323K): δ ppm =155.8, 149.8, 
141.9, 140.1, 139.1, 136.4, 133.2, 127.9, 126.2, 123.5, 122.2, 121.9, 117.8, 114.4, 
113.8, 111.2, 103.7, 75.5, 47.2, 31.9, 29.8, 29.7, 29.59, 29.57, 29.5, 29.28, 29.26, 
26.7, 22.6, 14.0. HR-FAB-MS (m/z): calcd. for C90H99N9S3 (M + H)+: 1402.7264.; 
found: 1402.7224 (error: -2.9 ppm). MALDI-TOF MS (m/z): found: 1402.762. 
Elemental Analysis: calcd. for C90H99N9S3: C, 77.05; H, 7.11; N, 8.99; S, 6.86; 
found: C, 77.16; H, 6.98; N, 8.76; S, 6.61. 







2,1-diyl)tris(thiophene-5,2-diyl))tris(ethene-2,1-diyl)tribenzo[d]thiazole (2-5).  
Under N2 atmosphere, potassium tert-butoxide (253 mg, 2.25 mmol, 9 equiv.) 
was added in portion to a solution of 
diethyl(benzo[d]thiazol-2-yl)methylphosphonate 2-12 (357 mg, 1.25 mmol, 5 
equiv.) and 2-16 (315 mg, 0.25 mmol) in dry THF (30 mL). After adding 
potassium tert-butoxide, the reaction solution turned red. The mixture was stirred 
at 85 oC overnight. After cooling to room temperature, the reaction solution was 
diluted with DCM, washed with water and brine. The organic layer was dried over 
Na2SO4 and the solution was concentrated under reduced pressure. The crude 
concentrated extract was dropped into large amount of CH3OH to give the title 
compound as an red powder (338 mg, 82%). MP 231-233 oC. 1H NMR (500 MHz, 
Cl2CDCDCCl2, 313 K): δ ppm = 8.17 (s, 3H), 7.99 (d, J = 8.0Hz, 3H), 7.85 (d, J 




3H), 7.20 – 7.15 (m, 12H), 7.04 (d, J = 3.65 Hz), 4.76 (br, 6H), 2.09 (br, 6H), 1.37 
- 1.18 (m, 54H), 0.82 (t, J = 7.1 Hz , 9H); 13C NMR (125 MHz, CCl2CDCDCCl2): 
δ ppm = 165.8, 154.1, 145.5, 141.2, 139.1, 138.7, 134.5, 131.6, 129.8, 129.6, 
128.8, 125.9, 125.7, 124.8, 123.6, 122.7, 121.3, 121.1, 120.5, 119.0, 110.6, 103.6, 
47.2, 31.5, 29.7, 29.24, 29.21, 29.20, 29.1, 28.9, 26.6, 22.2, 13.5. HR-FAB-MS 
(m/z): calcd. for C105H114N6S6 (M+): 1651.7463; found: 1651.7460 (error: -0.2 
ppm). MALDI-TOF MS (m/z): found: 1652.788. Elemental Analysis: calcd. for 
C105H114N6S6: C, 76.32; H, 6.95; N, 5.09; S, 11.64; found: C, 76.22; H, 6.72; N, 





2,1-diyl)tris(thiophene-5,2-diyl))tris(ethene-2,1-diyl)tribenzonitrile (2-6).  
Under N2 atmosphere, potassium tert-butoxide (240 mg, 2.0 mmol, 10 equiv.) 
was added in small portion to a solution of diethyl 
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(4-cyanophenyl)methylphosphonate 2-13 (254 mg, 1.0 mmol, 5 equiv.) and 2-16 
(252 mg, 0.2 mmol) in dry THF (30 mL). After adding potassium tert-butoxide, 
the reaction solution turned red. The mixture was stirred at 85 oC overnight. After 
cooling to room temperature, the reaction solution was diluted with DCM, washed 
with water and brine, and the organic layer was dried over Na2SO4 and 
concentrated to afford a crude solid. The crude extract was dropped into CH3OH 
to give the title compound as an orange powder (264.2 mg, 85%). MP 246-248 oC. 
1H NMR (500 MHz, Cl2CDCDCCl2, 343 K): δ ppm = 8.30 (s, 3H), 7.69 – 7.62 (m, 
12H), 7.55 (d, J = 8.85 Hz, 6H), 7.32 – 7.25 (m, 9H), 7.11 (d, J = 3.75 Hz, 3H), 
7.05 (d, J = 3.75 Hz, 3H), 6.91 (d, J = 15.75 Hz, 3H), 4.92 (t, J = 7.0 Hz, 6H), 
2.13 (br, 6H), 1.42-1.21 (m, 54H), 0.87 (t, J = 7.0 Hz, 9H); 13C NMR (125 MHz, 
CDCl3, 323 K): δ ppm = 144.4, 141.6, 141.1, 139.9, 139.2, 132.4, 131.1, 128.9, 
128.8, 126.5, 126.0, 125.7, 125.5, 123.7, 121.2, 120.7, 119.3, 118.8, 110.7, 110.5, 
103.5, 47.3, 31.8, 30.1, 29.63, 29.58, 29.4, 29.31, 29.26, 29.20, 26.9, 22.6, 13.9. 
HR-FAB-MS (m/z): calcd. for C105H114N6S3 (M + H)+: 1556.8379; found: 
1556.8376 (error: -0.2 ppm). MALDI-TOF MS (m/z): found: 1556.890. Elemental 
Analysis: calcd. for C105H114N6S3: C, 81.04; H, 7.38; N, 5.40; S, 6.18. found: C, 
80.93; H, 7.21; N, 5.28; S, 6.34. 
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Linear and Star-shaped Pyrazine-containing Acene 
Dicarboximides with High Electron-affinity 
 
 




As mentioned in chapter 1, organic conjugated molecules are of great 
importance and interest from the viewpoint of their fundamental electronic and 
optoelectronic properties and their potential applications, such as for two-photon 
absorption(see chapter 2), organic field-effect transistors (OFETs).1 After large 
success on hole-transporting (p-type) organic semiconductors,2 recently there is 
increasing interest in the development of high performance electron-transporting 
(n-type) semiconductors, which are desirable for the fabrication of p–n junction 
diodes, bipolar transistors, and complementary integrated circuits.3 The general 
design approaches to achieve n-type semiconductors include (1) attachment of 
electron-withdrawing substituents (e.g. fluorine,4 carboximide,5 cyano-6) onto the 
traditional p-type semiconductors (e.g. acene, oligothiophene) and/or (2) 
replacement of the carbon atoms in the framework by electron-deficient atoms 
(e.g. imine nitrogen7). Following this guidance, some n-type semiconductors have 
been successfully synthesized and used in n-channel OFETs.8 
Linear acene and star-shaped angularly fused acene (i.e., starphene) are good 
candidates for organic semiconductors and recently electron-deficient n-type 
acenes4d,5f,g,6e,7a–f and starphenes7m–o,9 have been reported by several groups 
including us. The substitution by electron-withdrawing dicarboximide groups 
stabilized the electron-rich acene molecules and also improved their solubility.5 




electron-deficient pyrazine ring not only increased the electron affinity, but also 
enhanced intermolecular interactions and improved their kinetic stability towards 
H2O and O2.7a–e,10 To further increase the electron affinity, herein we are 
interested in combining both approaches together to design and synthesize new 
pyrazine-containing acene and starphene dicarboximide derivatives such as the 
dibenzo-tetraazahexacene7m, 11 bis(dicarboximide)s 3-1a–b and 3-2a–b, and 
hexaazatrinaphthylene tris(dicarboximide) 3-3 (Figure 3.1). High electron affinity 
is expected for these molecules, which is a pre-requisite for a good n-type 
semiconductor. Different alkyl chains are used to tune their solubility and thermal 





























3-1a R' = t-Butyl R =
3-1b R' = t-Butyl R =
3-2a R' = H R =






Figure 3.1 Chemical structures of nitrogen-rich dibenzohexacene diimides 
(3-1a–b, 3-2a–b) and trinaphthylene trisimide (3-3). 
 
3.2 Results and Discussion 
3.2.1 Synthesis 
The synthesis of these electron-deficient compounds is shown in Scheme 3.1. 
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The formation of pyrazine rings is based on a condensation reaction between 
o-diamine and dione. The key intermediate compounds are the 
1,2-diamino-4,5-phthalimides 3-12a–c with different alkyl chains which have 
never been reported previously. The synthesis started from the protection of 
o-phenylenediamine 3-4 with p-toluenesulfonyl chloride (TsCl) in dry pyridine to 
afford 3-5 in 93% yield. Bromination of 3-5 with Br2 in HOAc gave compound 
3-6 in 89% yield, and subsequent deprotection was conducted by heating 3-6 in 
95% sulfuric acid at 110 °C for about 15 min to give the diamine 3-7 in 95% yield. 
Prolongation of the reaction time to 2 h as reported in the literature12 led to an 
unknown black solid without 3-7 at all. The diamine 3-7 was reacted with 
SOCl2–Et3N in DCM to give 5,6-dibromobenzo[c][1,2,5]thiadiazole 3-8 in 96% 
yield, which was refluxed with CuCN-CuI in nitrobenzene for 6 h, followed by 
treatment with FeCl3 in HCl solution to give compounds 3-9 and 3-10 in 60% and 
10% yield, respectively.13 3-9 could be hydrolyzed under acid conditions 
(FeCl3–HCl) to give 3-10 in 28% yield. Alkylation of 3-10 with 
1-bromo-3,7-dimethyloctane, 11-(bromomethyl)tricosane,14 and 
1-bromododecane in the presence of K2CO3 afforded compounds 3-11a, 3-11b, 
and 3-11c in 90%, 88%, and 90% yield, respectively.15 In addition, 3-11 can also 
be prepared by treating 3-9 with the corresponding alkyl amine in o-DCB 
catalyzed by ZnBr2 in around 50% yield. Reduction of 3-11 was first attempted by 




attempts failed to give the desired diamine 3-12. Alternatively, a mild reductant, 
Fe powder, turned out to be an appropriate reductant and the diamines 3-12a–c 
were prepared in 90–93% yields from 3-11a–c. Interestingly, all these diamine 
compounds show good environmental stability in contrast to many other 
electron-rich diamines.  
 
Scheme 3.1 Synthetic scheme for 3-1a–b, 3-2a–b, and 3-3. 
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The linear compounds 3-1a and 3-1b were then synthesized in 85% and 90% 
yield, respectively, by a condensation reaction between 
2,7-di-tert-butylpyrene-4,5,9,10-tetraone (3-13a)17 and 2.2 equivalents of 3-12a–b 
in refluxing o-DCB in the presence of a catalytic amount of TsOH. Similarly, 
compounds 3-2a–b were prepared under the same conditions from compounds 
3-13b and 3-12a–b in 85% and 90% yield, respectively. The tert-butyl group was 
supposed to facilitate the solubility of 3-1a–b,18 however, to our surprise, 3-2a 
(3-2b) have better solubility than 3-1a (3-1b). Condensation between 3-13a–b and 
3-12c gave insoluble materials. The star-shaped hexaaza-trinaphthylene trisimide 
3-3 was prepared in 86% yield by a similar condensation reaction between 
hexaketocyclohexane octahydrate and 3.3 equivalents of 3-12c. Compound 3-3 
showed excellent solubility, such as in DCM, THF, and even in hexane, which 
allows us to perform various characterizations in solution. 1H NMR, 13C NMR 
spectroscopy, mass spectrometry (HR-EI MS and MALDI-TOF MS), and 
elemental analysis were used to identify the chemical structure and purity of all 
the new compounds.  
 
3.2.2 Photophysical Properties 
The UV-vis absorption and photoluminescence (PL) spectra of compounds 
3-1a–b, 3-2a–b, and 3-3 were recorded in THF solution. It was found that the 




these compounds show well-resolved UV-vis absorption and emission bands, with 
the longest absorption maximum at 431, 431, 429, 429 and 399 nm and the 
emission maxima at 457, 457, 447, 447 and 504 nm for 3-1a, 3-1b, 3-2a, 3-2b, 
and 3-3, respectively (Table 3.1). The absorption spectra of 3-1 – 3-3 in thin film 
showed a similar profile to that in solution but with a 12–16 nm red-shift and 
accompanied with a long tail to the near infrared region, indicating strong 
intermolecular interactions in the solid state (Figure 3.3). 
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Figure 3.2 Normalized absorption spectra and emission spectra of compounds 
3-1a–b, 3-2a–b and 3-3 in THF. The emission spectra of 3-1a–b, 3-2a–b and 3-3 
were recorded under the excitation wavelength of 340, 406, 406, 406 and 380 nm, 
respectively. 
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Figure 3.3 Normalized absorption spectra in THF solution and solid film 
(spin-coated from CHCl3 solution) for compounds 3-1a–b, 3-2a–b, and 3-3 
 
Table 3.1 UV-vis and PL data for compounds 3-1a–b, 3-2a–b, and 3-3 
 
Solution Film 
λabs / nm εmax / M-1 cm-1 λPL / nm λabs / nm 
3-1a 431 5800 457 447 
3-1b 431 6500 457 447 
3-2a 429 6400 447 442 
3-2b 429 5200 447 443 
3-3 399 4100 504 411 
 
3.2.3 Electrochemical Properties 
The electrochemical properties of 3-1a–b, 3-2a–b and 3-3 were investigated 
by cyclic voltammetry (CV) and differential pulse voltammetry (DPV) in DCM 
solution. As shown in Figure 3.4, three quasi-reversible reduction waves were 
observed for 3-1a–b, 3-2a–b, and 3-3, with the onset reduction potential (Eredonset) 
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at -1.37, -1.36, -1.31, -1.30 and -0.79 V, respectively (Table 3.2). Again, the 
different alkyl chains and tert-butyl group have shown little effect on the redox 
behavior. No obvious redox waves were observed upon oxidation up to 1.80 V. 
The LUMO energy level (electron-affinity) derived from the onset of reduction 
potential is -3.43, -3.44, -3.49, -3.50 and -4.01 eV for 3-1a–b, 3-2a–b, and 3-3, 
respectively.19 Accordingly, the respective HOMO energy levels are deducted as 
-6.22, -6.23, -6.29, -6.31 and -6.96 eV for 3-1a–b, 3-2a–b, and 3-3, respectively, 
based on the equation HOMO = LUMO - Egopt, where Egopt is the optical energy 
gap determined from the lowest energy absorption onset. Compared with the 
trinaphthylene tris(dicarboximide)s,9 after the introduction of six N atoms, the 
LUMO energy level of 3-3 was lowered by 0.33 eV from -3.68 eV to -4.01 eV. 
The electron affinities of 3-1a–b and 3-2a–b are also increased to ca. 0.20 eV 
compared to their analogs without dicarboximide substituents.11c The low-lying 
LUMO energy level (i.e., large electron affinity) of all compounds indicates that 
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Figure 3.4 Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) 
curves (inset) for compounds 3-1a–b, 3-2a–b, and 3-3 in DCM with 0.1 M 
Bu4NPF6 as supporting electrolyte, a gold electrode with a diameter of 2 mm, a Pt 
wire, and an Ag/AgCl electrode were used as the working electrode, the counter 
electrode, and the reference electrode, respectively, with a scan rate at 100 mV/s.  
 
Table 3.2 Cyclic voltammetry data for compounds 3-1a–b, 3-2a–b, and 3-3 
Cpd E1/2red(1) E1/2 red(2) E1/2 red(3) Eredonset Eg a HOMOb LUMOc
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/ V / V / V / V / V / eV / eV 
3-1a -1.43 -1.56 -2.12 -1.37 2.79 -6.22 -3.43 
3-1b -1.42 -1.57 -2.10 -1.36 2.79 -6.23 -3.44 
3-2a -1.38 -1.54 -2.15 -1.31 2.80 -6.29 -3.49 
3-2b -1.39 -1.52 -2.03 -1.30 2.81 -6.31 -3.50 
3-3 -0.91 -1.29 -1.80 -0.79 2.95 -6.96 -4.01 
a Eg was estimated from the absorption edge in solution; b LUMO was calculated 
according to the equation, LUMO = – (4.80 + Eredonset); c HOMO was estimated 
according to the equation, HOMO = Eg – LUMO. 
 
3.2.4 Thermal Properties 
The thermal behavior and self-assembly of 3-1a–b, 3-2a–b, and 3-3 in the 
solid state were investigated by thermogravimetric analysis (TGA), differential 
scanning calorimetry (DSC), polarizing optical microscopy (POM) and X-ray 
diffraction (XRD). TGA measurements revealed that all compounds were 
thermally stable over 390 °C with 5% weight loss (see Figure 3.5). DSC curves of 
3-1a, 3-1b and 3-2b showed one endothermic transition from the crystalline phase 
to an isotropic phase (Figure 3.6), which was confirmed by POM measurements 
(Figure 3.7). The detailed packing structure at room temperature can not be 
simply concluded from their powder XRD patterns (Figure 3.8). DSC curves of 
3-2a exhibited three endothermic transitions at 127, 154 and 167 °C upon heating 




POM measurements disclosed that the compound entered an isotropic phase at 
around 170 °C. Upon slow cooling, a typical fan-type texture was observed at 
160 °C (Figure 3.7), indicating an ordered columnar liquid crystalline phase. 
Upon further cooling below 135 °C, some defects were observed in the fan-type 
texture, corresponding to the second exothermic transition. Upon further cooling 
below 103 °C, crystalline domains were observed. The XRD pattern of 3-2a 
recorded at room temperature (Figure 3.8) revealed that 3-2a has an orthorhombic 
arrangement with lattice parameter a = 2.68 nm, b = 1.05 nm and γ = 90°. 
However, the broad reflection peaks in the XRD patterns recorded at 160 °C and 
130 °C (Figure 3.9) limited detailed analysis of the mesophases. Compound 3-3 
entered into a columnar liquid crystalline phase after 317 °C as demonstrated by 
the bright focal conic texture recorded at 345 °C upon heating (Figure 3.7). XRD 
pattern of 3-3 at room temperature showed only one major reflection peak at 2θ = 
2.943° and thus the accurate packing structure cannot be figured out.  
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Figure 3.5 Thermogravimetric analysis (TGA) curves for compounds 3-1a–b, 
3-2a–b, and 3-3 with a heating rate of 10 oC/min under nitrogen. 
 




















































































































Figure 3.6 DSC curves for compounds 3-1a–b, 3-2a–b, and 3-3 with a 
heating/cooling scan rate of 10 oC/min under nitrogen. (Cr = crystalline phase, I = 
isotropic phase, Col = columnar crystalline phase) 
 
 






Figure 3.7 POM images for 3-1a–b, 3-2a–b and 3-3. a) 3-1a, upon slow cooling 
at 250 oC; b) 3-1b, upon slow cooling at 260 oC; c) 3-2a at 160 oC upon cooling; d) 
3-2b, upon slow cooling at 315 oC; and e) 3-3 at 345 oC upon heating. 
 



































































































2Theta (degrees)  
Figure 3.8 Powder XRD patterns for 3-1a–b, 3-2a–b, and 3-3 
 









































 160 oC From holder
Figure 3.9 Variable-Temperature Powder XRD (VT-XRD) patterns for 3-2a at 
160 oC and 130 oC. 
 
3.2.5 Space-Charge Limited-Current (SCLC) Mobility  
Charge carrier mobilities of 3-1a-b, 3-2a-b, and 3-3 in thin films were 
estimated via space-charge limited-current (SCLC) technique by using a diode 
device configuration of ITO–PEDOT:PSS–Al(2 nm)–material–Al. The SCLC is 
described by J = 9/8ε0εrμV2/ d3, where ε0 is the permittivity of free space, εr is the 
relative dielectric constant of the active material estimated from capacitance 
measurements (assumed to be 3), d is the film thickness, μ is electron mobility, V 
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is the voltage drop across the device, V = Vappl − Vr − Vbi, Vappl is the applied 
voltage to the device, Vr is the voltage drop due to contact resistance and series 
resistance across the electrodes, Vbi is the built-in voltage due to the difference in 
work function of the two electrodes. The resistance of the device was measured 
using a blank configuration ITO– PEDOT–Al and was found to be about 10–20 Ω. 
The Vbi was determined from the transition between the ohmic region and SCL 
region and is found to be about 1 V. The film thickness was measured by surface 
profilometer. The fabricated device was tested in a nitrogen filled glovebox and 
dark conditions. The current density–voltage (J–V) curves were measured using a 
Keithley 2400 source measurement unit. The SCLC electron mobilities were 
found to be 3-7 × 10−4 cm2 V−1 s−1 for 3-1a–b, 3-2a–b, and 3.4 × 10−5 cm2 V−1 s−1 
for 3-3 (Figure 3.10). Unfortunately, our preliminary results show that solution 
processed thin films of all these compounds only show very weak field effect 




































































































































Figure 3.10 Double logarithmic plot of the current density (J) versus applied 
voltage (V) curves for 3-1a–b, 3-2a–b, and 3-3 
 
3.3 Conclusions 
In summary, a series of electron-deficient pyrazine-containing linear and 
star-shaped acene and starphene molecules end functionalized with dicarboximide 
groups have been successfully synthesized, and their optical properties, 
electrochemical properties and thermal behavior were investigated. Due to the 
attachment of electron-withdrawing carboximide groups and the fusion of 
pyrazine rings, these new compounds showed high electron affinities. Moderate 
electron mobilities in thin films were also measured via the SCLC technique. The 
observed high electron affinity of these molecules suggests that they can be used 
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Anhydrous tetrahydrofuran (THF) and dichloromethane (DCM) were obtained 
by distillation over sodium and calcium hydride, respectively. 
2,7-Di-tert-butylpyrene-4,5,9,10-tetraone,17 pyrene- 4,5,9,10-tetraone,17 and 
11-(bromomethyl)-tricosane14 were prepared according to the literature 
procedures. All other chemicals were purchased from commercial supplies and 
used without further purification.  
All NMR spectra were recorded on Bruker AMX500 at 500 MHz and Bruker 
ACF300 at 300 MHz spectrometers. 1H NMR and 13C NMR spectra were 
recorded in CDCl3 and DMSO-d6. All chemical shifts are quoted in ppm, using 
the residual solvent peak as a reference standard. Mass spectra were recorded in 
EI mode and high resolution mass spectra were recorded with EI source. 
Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) analysis 
was performed on a Bruker Autoflex II MALDI-TOF instrument by using 
1,8,9-trihydroxyanthracene as matrix and Pepmix as internal standard or external 
standard. UV-vis absorption and fluorescence spectra were recorded on Shimadzu 
UV-1700 and RF-5301 spectrometers in HPLC pure solvents. Cyclic voltammetry 




cell in a solution of 0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6) 
dissolved in dry DCM at a scan rate of 100 mV s−1. A gold electrode with a 
diameter of 2 mm, a Pt wire and an Ag/AgCl electrode were used as the working 
electrode, the counter electrode and the reference electrode, respectively. The 
potential was calibrated against the ferrocene/ferrocenium couple. 
Thermogravimetric analysis was carried out on a TA instrument 2960 at a heating 
rate of 10 °C min−1 under N2 flow, differential scanning calorimetry was 
performed on a TA instrument 2920 at a heating–cooling rate of 10 °C min−1 
under N2 flow. The initial phase transitions and corresponding temperatures for 
these compounds were determined by an OLYMPUS BX51 polarizing optical 
microscope equipped with a Linkam TP94 programmable hot stage. VT X-ray 
diffraction studies were carried out on a Bruker-AXS D8 ADVANCE Powder 
X-ray diffractometer with Anton Paar Model HTK 1200 High Temperature 
Chamber and room temperature XRD measurements were performed on a 
Bruker-AXS D8 DISCOVER with GADDS Powder X-ray diffractometer, both 
with Cu Kα radiation. 
 
3.4.2 Detailed Synthetic Procedures and Characterization Data 
 




o-phenylenediamine (540 mmol, 58.5 g) was added slowly to a solution of 
p-toluenesulfonyl chloride (2 eq, 1.080 mol, 205.9 g) in dry pyridine (500 mL) 
which was cooled to -10 oC in a NaCl/ice bath. The resulted mixture was stirred at 
room temperature for 18 h. By slow addition of 15% aqueous HCl, a precipitate 
was formed. The solid were dissolved in EtOH (1400 mL) and refluxed for 1 h, 
and then stored in a refrigerator overnight for crystallization. After filtration, 
compound 3-5 was obtained as a faint solid (210.2 g, 93%). 1H NMR (500 MHz, 
CDCl3): δ ppm = 7.57 (d, J = 8.2 Hz, 4 H), 7.22 (d, J = 8.2 Hz, 4 H), 7.04 - 7.01 
(m, 2 H), 6.98 – 6.94 (m, 2 H), 6.91 (br, 2 H), 2.39 (s, 6 H); 13C NMR (125 MHz, 
CDCl3): δ ppm = 144.15, 135.46, 130.76, 129.60, 127.53, 127.23, 125.96, 21.57. 





Bromine (19.2 g, 0.180 mol) was added drop-wise to an ice-cooled and stirred 
suspension of 3-5 (37.5 g, 0.090 mol) and anhydrous NaOAc (15.0 g) in glacial 




cooled and poured into ice water (400 mL), and then stirred for additional 1hr, and 
EtOH (200 mL) was added. After filtration, the precipitate gave fine colorless 
powder of 3-6 (45.990 g, 89%). 1H NMR (500 MHz, CDCl3): δ ppm = 7.60 (d, J 
= 8.2 Hz, 4 H), 7.28 (d, J = 8.2 Hz, 4 H), 7.20 (s, 2 H), 6.75 (br, 2 H), 2.42 (s, 6 
H). 13C NMR (125 MHz, CDCl3): δ ppm = 144.83, 135.34, 130.89, 130.09, 
129.92, 127.64, 122.59, 21.55. HR-EI-MS (m/z): calcd. for C20H18Br2N2O4S2: 




The preceding 3-6 (45.2 g, 78.7 mmol) was heated in concentrated sulphuric 
acid (90.0 mL) at 110 oC for about 15 min. After cooling to room temperature, the 
reaction mixture was poured into ice-water and neutralized with 50% NaOH 
solution until the color of the solution is off-white and lots of precipitate was 
formed. After filtration, the precipitate gave off-white powder of 3-7 (19.3 g, 
95%). 1H NMR (500 MHz, CDCl3): δ ppm = 6.92 (s, 2 H), 3.40 (br, 4 H). 13C 
NMR (125 MHz, CDCl3): δ ppm = 135.47, 120.65, 113.62. HR-EI-MS (m/z): 
calcd. for C6H6Br2N2: 263.8898; found 263.8893 (error = -1.9 ppm). 
 





To a solution of 3-7 (5.32 g, 20.0 mmol) and Et3N (4.15 eq, 12 mL, 83 mmol) 
in dry DCM (60 mL) was added, in an ice-cooled condition, a solution of thionyl 
chloride (2.55 eq, 3.80 mL, 51 mmol) in DCM (10 mL). After addition was 
complete, the reaction mixture was stirred for 5 hr under reflux. After cooling to 
room temperature, the reaction mixture was filtered, the filtrate was collected 
while discarding the solid residue, and the solvent was removed under vacuum 
and purified with column chromatography using pure DCM as the eluent to give 
product 3-8 as a pink-white solid (5.645 g, 96%). 1H NMR (300 MHz, CDCl3): δ 
ppm = 8.38 (s, 2 H). 13C NMR (125 MHz, CDCl3): δ ppm = 153.82, 127.14, 




A mixture of nitrobenzene (40 mL) and dry DMF (120 mL) was added to a 
stirred mixture of 3-8 (5.88 g, 20.0 mmol), CuCN (4.1 eq, 82.0 mmol, 7.30 g) and 




cooled and poured into a mixture of hydrated FeCl3 (6.8 g), 37% HCl (1.7 mL) 
and water (10 mL). The suspension was heated at 70oC for 1h, and then removed 
the solvent under vacuum; the residue was dissolved with DCM and water, and 
extracted with DCM (100 mL). The combined organic phases were washed with 
HCl (6 M, 200 mL), saturated NaCl (200 mL), and saturated NaHCO3 (200 mL), 
and was finally dried over Na2SO4, concentrated under reduced pressure to give a 
black residue and purified with column chromatography using eluent hexane/EA 
(5:1) to give 3-9 as a light yellow solid (2.234 g, 60%), and then THF/MeOH (1:1) 
to give 3-10 as a white solid (0.410 g, 10%). 
Compound 3-9: 1H NMR (500 MHz, CDCl3): δ ppm = 8.61 (s, 2 H); 13C NMR 
(125 MHz, CDCl3): δ ppm = 153.94, 129.81, 114.65, 113.88. HR-EI-MS (m/z): 
calcd. for C8H2N4S: 186.0000; found 186.0008 (error = 4.3 ppm). 
Compound 3-10: 1H NMR (300 MHz, DMSO-d6): δ ppm = 11.88 (br, 1 H), 8.56 
(s, 2 H); 13C NMR (125 MHz, DMSO-d6): δ ppm = 167.52, 156.16, 132.77, 
117.42. HR-EI-MS (m/z): calcd. for C8H3N3O2S: 204.9946; found 204.9939 (error 
= -3.4 ppm). 
 
General procedure for alkylation of compound 3-10 
A mixture of 3-10 (8.0 mmol), K2CO3 (3.500 g, 24.0 mmol, 3.0 eq), and alkyl 
bromide (8.4 mmol, 1.05 eq) was heated under Ar(g) atmosphere to reflux in 
DMF (50 mL) for overnight. The reaction was stopped upon complete 
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consumption of the starting material 3-10 at which point the reaction was cooled 
and diluted with CH2Cl2 (100 mL) and washed with 10% aqueous HCl solution 
(100 mL × 2) and with saturated aqueous NaCl solution (100 mL × 2), dried over 
Na2SO4 and the solvent was removed under vacuum. The residue was purified by 
silica gel column chromatography using hexane/CHCl3 (4:1~10:1) as the eluent to 













3-11a: Yield = 83%. White viscous oil. 1H NMR (500 MHz, CDCl3): δ ppm = 
8.49 (s, 2 H), 3.67 (d, J = 7.0 Hz, 2 H), 1.94 (br, 1 H), 1.45 - 1.23 (m, 40 H), 0.89 
– 0.86 (m, 6 H); 13C NMR (125 MHz, CDCl3): δ ppm = 166.61, 156.66, 131.54, 
118.04, 43.07, 40.51, 36.87, 31.85, 31.84, 31.51, 30.92, 29.86, 29.63, 29.61, 29.56, 
29.51, 29.29, 26.86, 26.22, 22.61, 14.01. HR-EI-MS (m/z): calcd. for 







3-11b: Yield = 91%. White solid. 1H NMR (500 MHz, CDCl3): δ ppm = 8.49 (s, 2 
H), 3.83 - 3.76 (m, 2 H), 1.78 - 1.73 (m, 1 H), 1.54 - 1.49 (m, 4 H), 1.36 - 1.13 (m, 
5 H), 1.00 - 0.85 (m, 9 H); 13C NMR (125 MHz, CDCl3): δ ppm = 166.27, 156.60, 
131.62, 117.97, 39.09, 37.11, 36.86, 35.17, 30.73, 27.81, 24.45, 22.56, 22.49, 
19.30. HR-EI-MS (m/z): calcd. for C18H27N3O2S: 345.1511; found 345.1513 












3-11c: Yield = 90%. White solid. 1H NMR (500 MHz, CDCl3): δ ppm = 8.50 (s, 2 
H), 3.78 (t, J = 7.3 Hz, 2 H), 1.76 - 1.70 (q, 2 H), 1.35 - 1.25 (m, 18 H), 0.87 (t, J 
= 7.0 Hz , 3 H); 13C NMR (125 MHz, CDCl3): δ ppm = 166.49, 156.71, 131.66, 
118.15, 38.93, 31.87, 29.58, 29.51, 29.43, 29.29, 29.13, 28.33, 26.87, 22.64, 14.06. 
HR-EI-MS (m/z): calcd. for C20H27N3O2S: 373.1824; found 373.1823 (error = - 
0.3 ppm) 




General procedure for reduction of 3-11a-c to compound 3-12a-c 
A mixture of 3-11 (2.0 mmol), ion powder (1.344 g, 24.0 mmol, 12 eq), and 
glacial acetic acid (20 mL) was heated under reflux for 15-30 min. It was then 
cooled to room temperature, basified with a solution of NaOH, and extracted with 
ether. The combined ether extract was washed with a solution of NaOH and water, 
dried over anhydrous Na2SO4, and the solvent was removed to afford a yellow 
residue and purified with column chromatography using Hex/THF (1:1~3:1) to 
give the final product 3-12a-c. 
 
5,6-diamino-2-(2-decyltetradecyl)isoindoline-1,3-dione 
3-12a: Yield = 92%. Yellow powder. 1H NMR (500 MHz, CDCl3): δ ppm = 7.09 
(s, 2 H), 3.83 (br, 4 H), 3.47 (d, J = 7.5 Hz, 2 H), 1.83 - 1.82 (br, 1 H), 1.33 - 1.23 
(m, 40 H), 0.89 - 0.86 (m, 6 H); 13C NMR (125 MHz, CDCl3): δ ppm = 169.51, 
139.40, 124.20, 109.98, 41.92, 37.06, 31.81, 31.42, 29.91, 29.59, 29.56, 29.53, 
29.52, 29.24, 26.25, 22.57, 13.99. HR-EI-MS (m/z): calcd. for C32H55N3O2: 







3-12b: Yield = 93%. Yellow powder. 1H NMR (500 MHz, CDCl3): δ ppm = 7.09 
(s, 2 H), 3.83 (br, 4 H), 3.62 - 3.59 (m, 2 H), 1.68 - 1.61 (m, 1 H), 1.53 - 1.10 (m, 
9 H), 0.94 (d, J = 6.3 Hz, 3 H), 0.84 (d, J = 6.9 Hz, 6 H); 13C NMR (125 MHz, 
CDCl3): δ ppm = 169.01, 139.29, 124.98, 110.26, 39.24, 37.06, 36.06, 35.70, 
30.74, 27.91, 24.55, 22.64, 22.57, 19.40. HR-EI-MS (m/z): calcd. for C18H27N3O2: 











3-12c. Yield = 93%. Golden yellow powder. 1H NMR (500 MHz, CDCl3): δ ppm 
= 7.08 (s, 2 H), 3.83 (br, 4 H), 3.57 (t, J = 7.5 Hz, 2 H), 1.63 - 1.60 (q, 2 H), 1.30 - 
1.24 (m, 18 H), 0.87 (t, J = 7.5 Hz , 3 H); 13C NMR (125 MHz, CDCl3): δ ppm = 
169.09, 139.30, 124.90, 110.28, 37.79, 31.90, 29.69, 29.60, 29.57, 29.51, 29.32, 
29.24, 28.77, 26.89, 22.67, 14.09. HR-EI-MS (m/z): calcd. for C20H31N3O2: 
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345.2416; found 345.2421 ( error = -1.4 ppm) 
 
General procedure of diamine and dione condensation reaction: 
For 3-1a-b and 3-2a-b 
Diamine 3-12a-b (0.22 mmol, 2.2 eq) and 
2,7-di-tert-butylpyrene-4,5,9,10-tetraone or pyrene-4,5,9,10-tetraone (0.1 mmol) 
were suspended in o-DCB (8 mL ). Catalytic amount of p-toluenesulfonic acid (2 
mg) was added. The pH of the solution should be little acidic at this stage. The 
resulted solution was stirred and refluxed for overnight under Ar (g) atmosphere. 
The o-DCB was removed under vacuum and the residue was dissolved in DCM 
and saturated NaCl, extracted with DCM. The combined organic phases were 
washed with saturated NaHCO3 (200 mL), and then the solvent was removed 
under reduced pressure to give yellow residue. The solid residue was added 
CHCl3 (10 mL), and stirred for 30 min, and then purified with column 
























3-1a: Yield = 81%. Yellow powder. 1H NMR (500 MHz, CDCl3): δ ppm = 9.66 (s, 
4 H), 8.55 (s, 4 H), 3.46 (d, J = 5.2 Hz, 4 H), 1.88 - 1.82 (m, 20 H), 1.24 - 1.23 (m, 
80 H), 0.87 - 0.84 (m, 12 H); 13C NMR (125 MHz, CDCl3): δ ppm = 166.88, 
151.77, 144.03, 143.90, 130.80, 128.26, 126.33, 126.12, 125.67, 42.83, 36.97, 
36.01, 31.91, 31.81, 31.57, 29.97, 29.68, 29.65, 29.59, 29.35, 26.28, 22.67, 14.09. 
MALDI-TOF MS: m/z= 1329.9659 ([M + H] +); calculated exact mass: 1329.9762. 
([M + H] +) Elemental Analysis: calcd. for C64H76N6O4: C, 79.47; H 9.40; N, 6.32; 






3-1b: Yield = 86%. Yellow powder. 1H NMR (500 MHz, CDCl3, 323K): δ ppm = 
9.83 (s, 4 H), 8.81 (s, 4 H), 3.82 (d, J = 7.5 Hz, 4 H), 1.83 - 1.54 (m, 20 H), 1.42 - 
1.19 (m, 8 H + 10 H), 1.04 (d, J = 6.3 Hz, 6 H), 0.90 (d, J = 6.9 Hz, 12 H); 13C 
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NMR (125 MHz, CDCl3, 323K): δ ppm = 166.96, 152.08, 144.51, 144.47, 131.45, 
128.82, 126.69, 126.53, 125.97, 39.36, 37.20, 37.13, 36.07, 35.53, 31.79, 31.10, 
28.00, 24.64, 22.65, 22.59, 19.49. MALDI-TOF MS: m/z= 937.5888 ([M + H] +); 
calculated exact mass: 937.5380. ([M + H] +) Elemental Analysis: calcd. for 





3-2a: Yield = 88%. Yellow powder. 1H NMR (500 MHz, CDCl3): δ ppm = 8.39 (d, 
J = 7.0 Hz, 4 H), 7.71(s, 4 H), 7.36 (t, J = 7.0 Hz, 2H), 3.52(d, J = 5.1 Hz, 4 H), 
1.90 (br, 2 H), 1.40 - 1.26 (m, 80 H), 0.89 - 0.86 (m, 12 H); 13C NMR (125 MHz, 
CDCl3): δ ppm = 166.35, 143.08, 141.45, 130.75, 128.01, 127.52, 127.07, 125.84, 
124.56, 42.89, 37.08, 31.96, 31.94, 31.89, 31.49, 30.12, 29.77, 29.72, 29.66, 29.63, 
29.42, 29.39, 29.33, 26.28, 22.70, 22.68, 14.09. MALDI-TOF MS: m/z= 
1217.7934 ([M + H] +); calculated exact mass: 1217.8510. ([M + H] +) Elemental 
Analysis: calcd. for C64H76N6O4: C, 78.90; H, 8.94; N, 6.90; found: C, 78.75; H, 








3-2b: Yield =87%. Yellow powder.1H NMR (500 MHz, CDCl3, 323K): δ ppm = 
8.48 (d, J = 7.5 Hz, 4 H), 7.77 (s, 4 H), 7.44 (t, J = 7.0 Hz, 2H), 3.67 (t, J = 7.5 Hz, 
4 H), 1.79 - 1.20 (m, 2 H + 18 H), 1.40 (d, J = 6.3 Hz, 6 H), 0.93 (d, J = 6.9 Hz, 
12 H); 13C NMR (125 MHz, CDCl3, 323K): δ ppm = 166.09, 143.28, 141.73, 
131.06, 128.21, 127.70, 127.33, 126.16, 124.63, 39.39, 37.13, 35.42, 31.18, 28.03, 
24.68, 22.71, 22.64, 19.44. MALDI-TOF MS: m/z= 825.4212 ([M + H] +); 
calculated exact mass: 825.4128 ([M + H] +). Elemental Analysis: calcd. for 
C64H76N6O4: C, 75.70; H, 6.35; N, 10.19; found: C, 75.57; H, 6.34; N, 10.17. 
 
For 3-3 
Diamine 3-12c (0.33 mmol, 114 mg, 3.3 eq) and hexaketocyclohexane 
octahydrate (0.1 mmol, 31 mg) were suspended in o-DCB (8 mL). Catalytic 
amount of p-toluenesulfonic acid (2 mg) was added. The pH of the solution 
should be little acidic at this stage. The resulted solution was stirred and refluxed 
for overnight under Ar (g) atmosphere. The o-DCB was removed under vacuum 
and the residue was dissolved in DCM and saturated NaCl, extracted with DCM. 
The combined organic phases were washed with saturated NaHCO3 (50 mL), and 
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then the solvent was removed under reduced pressure to give yellow residue, and 
then purified with column chromatography using Hex/THF (1:3~1:1) to give the 




3-3: 80 mg, yield = 82%. Yellow green powder. 1H NMR (500 MHz, CDCl3): δ 
ppm = 9.12 (s, 6 H), 3.86 (t, J = 7.5 Hz, 6 H), 1.83 - 1.77 (m, 6 H), 1.46 - 1.26 (m, 
54 H), 0.87 (t, J = 7.0 Hz, 9 H); 13C NMR (125 MHz, CDCl3): δ ppm = 165.84, 
145.76, 143.97, 133.77, 126.53, 39.15, 31.87, 29.60, 29.58, 29.56, 29.47, 29.30, 
29.16,  28.40, 26.96, 22.63, 14.05. MALDI-TOF MS: m/z= 1096.7280 ([M + H] 
+); calculated exact mass: 1096.6388. ([M + H] +. Elemental Analysis: calcd. for 
C64H76N6O4: C, 72.30; H, 7.45; N, 11.50; found: C, 72.51; H, 7.44; N, 11.53. 
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4.1 Introduction  
In chapter 3, a series of n-type semiconductors have been successfully 
synthesized; however, they exhibit only moderate charge carrier mobility via 
SCLC technique, probably due to their poor molecular arrangements in the solid 
state. To achieve efficient n-type semiconductors, molecules with strong 
intermolecular π-π interaction and low-lying LUMO energy level are required. As 
a result, the building block naphthalene diimide (NDI) come into our sight. 
Naphthalene diimide (NDI) is a promising building block, which has been 
widely employed to construct n-type semiconductors with high performance and 
good air-stability. Based on core-expansion or core-substitution strategy,1 
considerable NDI derivatives with symmetrical structures have been designed and 
synthesized for n-channel OFETs. For instance, two core-expanded naphthalene 
diimides fused with 2-(1,3-dithiol-2-ylidene)malonitrile groups were reported  to 
exhibit high electron mobility (μe) of 0.51 cm2 V-1 s-1 in ambient air.2 Nevertheless, 
the unsymmetrical naphthalene diimide derivatives were rarely synthesized and 
used for n-channel OFETs.3 Marks’ group reported a series of unsymmetrical 
naphthalene imide derivative, the naphthaleneamidinemonoimide-fused 
oligothiophenes, which showed electron mobility up to 0.35 cm2 V-1 s-1 based on 
vapor deposited thin films. However, the solution processed films gave the 
electron mobility of only 4 × 10-5 to 3 × 10-3 cm2 V-1s-1 under vacuum.4 For large 




with high charge carrier mobility are highly desirable.5 In this chapter, we will 
demonstrate the synthesis of a family of unsymmetrical naphthalene imide 
derivatives 4-1a, 4-1b and 4-2 – 4-5 (Figure 4.1) with high electron affinity, and 
their applications in solution processed, air-stable n-channel OFETs. Compared 
with the symmetric NDIs, one imide group in these unsymmetric naphthalene 
imides was annulated with benzoimidazole or imidazole unit carrying various 
electron withdrawing substituents (e.g. imide, cyano-, and nitro- group). Thus 
these new molecules are expected to show high electron affinity with tunable 
lowest unoccupied molecular orbital (LUMO) energy levels, which are essential 
for air-stable n-channel OFETs. 
 
Figure 4.1. Chemical structures of unsymmetrical naphthalene imide derivatives 
(4-1a–b, 4-2 – 4-5). 
 
4.2  Results and Discussion 
4.2.1 Synthesis 
The synthesis of these electron-deficient organic semiconductors is shown in 
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Scheme 4.1. The key reaction is the condensation between the naphthalene 
monoanhydride 4-6 and different diamines (4-7a, 4-7b, 4-9, 4-11 – 4-13). 
Naphthalene monoanhydride 4-6, the diamines 4-7a, 4-7b and 4-13 were prepared 
according to reported literature procedures.5 To synthesize 
4,5-diaminophthalonitrile 4-9, NaBH4 was first employed to reduce 
benzothiadiazole-4,7-dicarbonitrile 4-8,5b however, the yield was only 12%. Later 
Fe powder5b was applied to reduce 4-8 in refluxing acetic acid, and 4-9 was 
obtained in 80% yield. Similarly, 2,3-diaminoterephthalonitrile 4-11 was prepared 
from 4-10 under the same condition in 85% yield.6 The naphthalene imide 
derivatives 4-1 – 4-5 were then prepared by condensation between 4-6 and the 
diamines 4-7, 4-9, 4-11 – 4-13, respectively, in 81-88% yields. 
 
 





Compounds 4-1a, 4-1b and 4-2 – 4-5 showed good solubility in normal 
organic solvents such as DCM and THF, which allows us to perform various 
characterizations in solution, and makes it possible to fabricate OFET devices by 
convenient solution processing techniques. 1H NMR, 13C NMR spectroscopy, 
mass spectrometry (HR-EI MS and MALDI-TOF MS), and elemental analysis 
were used to identify the chemical structure and purity of all the new compounds. 
 
4.2.2 Photophysical Properties 
The UV-vis absorption and photoluminescence spectra of compounds 4-1a–b 
and 4-2 – 4-5 were recorded in chloroform solution (Figure 4.2, Table 4.1). For 
4-1a and 4-1b, the alkyl chains had no effect on the spectra profiles, and both 
showed absorption maximum (labsmax) at 432 nm and the emission maximum 
(lemmax) at 528 nm. For 4-2 and 4-3, the position of the two cyano groups has little 
effect on the absorption profiles, with the same labsmax at 416 nm and lemmax at 
500 nm. For 4-4, although with one benzene ring less than 4-2, it exhibited similar 
labsmax at 416 nm and labsmax at 498 nm. For 4-5, in which two cyano groups were 
replaced by two nitro groups compared to 4-2, the absorption and emission 
maxima are almost the same as those of 4-2. It is worth to note that all of these 
compounds show moderate-to-high photoluminescence quantum yields ranging 
from 41% to 81% (Table 4.1). 
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Figure 4.2. Absorption spectra (c = 1 × 10-5 M) and normalized emission spectra 
(c = 1 × 10-6 M) of compounds 4-1a (a), 4-1b (b), 4-2 (c), 4-3 (d), 4-4 (e), 4-5 (f) 
in CHCl3 solution. The emission spectra were recorded under the excitation 
wavelength of 432, 432, 416, 416, 416 and 416 nm, respectively. 
 
Table 4.1. UV and PL data for compounds 4-1a, 4-1b and 4-2 – 4-5 
 λabs a/ nm εmaxb / M-1 cm-1 λPLc / nm QYd 
4-1a 432 42300 528 65%  




4-2 416 41000 500 81%  
4-3 416 40500 500 45%  
4-4 416 41600 498 42%  
4-5 416 41900 498 41%  
a UV-vis absorption maximum, the experimental uncertainty is ±1 nm; b Molar 
extinction coefficient at the absorption maximum; c Photo-luminescence 
maximum, the experimental uncertainty is ±1 nm; d Fluorescence quantum yields 
by using fluorescein (pH ≈ 11, NaOH aqueous solution) as a standard; the 
experimental uncertainty is ±5-10%. 
 
4.2.3 Electrochemical Properties 
The electrochemical properties of 4-1a, 4-1b, 4-2 – 4-5 were investigated by 
cyclic voltammetry and differential pulse voltammetry in DCM solution (Figure 
4.3, Table 4.2). Three quasi-reversible reduction waves were observed for 4-1a 
and 4-1b, with the half-wave potential (Ered1/2) at -0.95, -1.35 and -2.41 V for 4-1a 
(vs Fc+/Fc), and the different alkyl chains showed less effect on the redox 
behaviors. The LUMO energy level derived from the onset of the reduction 
potential (Eredonset) is -3.90 and -3.92 eV for 4-1a and 4-1b, respectively. 
Accordingly, the respective HOMO energy levels are deducted as -6.43 eV and 
-6.46 eV for 4-1a and 4-1b, respectively, based on the equation HOMO = LUMO 
- Egopt, where Egopt is the optical energy gap determined from the lowest energy 
absorption onset.7  
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Potential vs Fc+/Fc (V)
Figure 4.3. CV curves and DPV curves (inset) for compounds 4-1a (a), 4-1b (b), 
4-2 (c), 4-3 (d), 4-4 (e), 4-5 (f) in dry DCM with 0.1 M Bu4NPF6 as supporting 
electrolyte, a gold electrode with a diameter of 2 mm, a Pt wire, and an Ag/AgCl 
electrode were used as the working electrode, the counter electrode, and the 
reference electrode, respectively, with a scan rate at 50 mV/s. 
 
For 4-2, 4-3 and 4-4, two quasi-reversible reduction waves were observed 
with Ered1/2 at -0.88 and -1.28 V for 4-2, -0.95 and -1.35 V for 4-3, -0.75 and -1.19 




eV, respectively, and the HOMO energy level was calculated to be -6.68, -6.58 
and -6.73 eV, respectively. By changing the position of the two cyano groups, the 
LUMO energy level was shifted by 0.10 eV (4-2 vs 4-3), and by removal of one 
benzene moiety from 4-2 to 4-4, the LUMO energy level was lowered around 
0.15 eV.  
 
















4-1a -0.95 -1.35 -2.41 -- -0.90 -3.90 -6.43 2.53 
4-1b -0.96 -1.33 -2.51 -- -0.88 -3.92 -6.46 2.54 
4-2 -0.88 -1.28 -- -- -0.80 -4.00 -6.68 2.68 
4-3 -0.95 -1.35 -2.42 -- -0.90 -3.90 -6.58 2.68 
4-4 -0.75 -1.19 -0.65 -- -0.65 -4.15 -6.73 2.68 
4-5 -0.86 -1.24 -1.71 -1.99 -0.78 -4.02 -6.70 2.68 
a LUMO was calculated according to the equation, LUMO = – (4.80 + Eredonset); b 
HOMO was estimated according to the equation, HOMO = LUMO – Eg; c Eg was 
estimated from the absorption edge in solution. 
 
For compound 4-5, four quasi-reversible reduction waves were observed with 
Ered1/2 at -0.86, -1.24, -1.71 and -1.99 V. Hence the LUMO and HOMO were 
calculated to be -4.02 and -6.70 eV, respectively. For all compounds, no obvious 
redox waves were observed upon oxidation up to 1.80 V. The low-lying LUMO 
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energy level (i.e., large electron affinity) of these compounds indicates that they 
can serve as promising candidates for n-channel OFETs with good air stability.8 
 
4.2.4 Thermal Properties 
The thermal behavior and self-assembly of 4-1a, 4-1b, 4-2 – 4-5 in solid state 
were investigated by a combination of thermogravimetric analysis (TGA), 
differential scanning calorimetry (DSC), polarizing optical microscopy (POM) 
and powder X-ray diffraction (XRD) techniques (Figure 4.4, Figure 4.5, Figure 
4.6 and Figure 4.7). TGA measurements revealed that all compounds were 
thermally stable over 320 oC with 5% weight loss. Compounds 4-1a, 4-1b and 4-3 
all show a crystalline phase-to-liquid crystalline phase transition at 31, -0.5 and 64 
oC, respectively, from their DSC and POM studies. An obvious XRD peak at 3.31 
Å correlated to intermolecular π-π stacking was observed for 4-3, indicating the 
existence of long-range ordered π-stacking. Compounds 4-2 and 4-4 both are 
crystalline materials at room temperature with melting point at 245 oC and 200 oC, 
respectively. Compound 4-5 turned out to be an amorphous solid at room 
temperature with melting point at 197 oC. The liquid crystalline properties of 4-1a, 










































































































Figure 4.4. Thermogravimetric analysis (TGA) curves for compounds 4-1a (a), 
4-1b (b), 4-2 (c), 4-3 (d), 4-4 (e), 4-5 (f) with a heating rate of 10 oC/min under 
nitrogen. 
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Figure 4.5. DSC curves for compounds 4-1a (a), 4-1b (b), 4-2 (c), 4-3 (d), 4-4 (e), 
4-5 (f) with a heating/cooling scan rate of 10 oC/min under nitrogen. (Cr = 







Figure 4.6. POM images for 4-1a–b and 4-2 – 4-4. a) 4-1a, at 338 oC upon slow 
cooling from the melt; b) 4-1b, at 227 oC upon slow cooling from the melt; c) 4-2, 
at 205 oC upon slow cooling from the melt; d) 4-3, at 270 oC upon slow cooling 
from the melt; e) 4-4, at 100 oC upon slow cooling from the melt. 
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Figure 4.7. Powder X-ray diffraction (XRD) patterns of compounds 4-1a, 4-1b, 
4-2 – 4-5 at different temperatures. 
 
4.2.5 OFET device measurement 
The charge transport properties of 4-1a, 4-1b, and 4-2 – 4-5 were 
characterized using OFETs. Bottom-gate top-contact OFETs were fabricated on 




octadecyltrimethoxysilane (OTMS) or octadecyltrichlorosilane (ODTS) treated 
substrates. The thin films were then annealed at selective temperatures for 30 min 
under vacuum. Au source/drain electrodes (80 nm) were patterned on the organic 
layer through a shadow mask. All devices were characterized in a N2 atmosphere. 
The typical transfer and output curves are shown in Figure 4.8. Thin film of 4-5 
did not show any field effect behaviors in this study, presumably due to its 
amorphous character in solid state.  
 














































VGS From 0V to 80V
in steps of 10V
 












































VGS From 0V to 80V
in steps of 10V
 
Unsymmetrical Naphthalene Imides for N-channel OFETs 
146 
 









































VGS From 0V to 80V
in steps of 10V
 
 














































VGS From 0V to 80V
in steps of 10V
 
 










































VGS From 0V to 80V




Figure 4.8.Transfer (VD = 70 V, left) and output (right) characteristics of OFET 
devices from 4-1a (a), 4-1b (b), 4-2 (c), 4-3 (d) and 4-4 (e). 
 




their characteristic data are summarized in Table 4.3. The as-spun thin film 
devices based on 4-1a and 4-1b on OTMS treated substrate showed high electron 
mobilities of about 0.01-0.012 cm2V-1s-1, which renders them attractive for low 
temperature process and facilitates device fabrication for organic electronics. 
Upon thermal annealing, the device performance slightly decreases. For thin films 
of 4-2 and 4-3, when annealing at 150 oC, the devices exhibited relatively higher 
average electron mobilities (0.0028 cm2V-1s-1 for 4-2, and 0.016 cm2V-1s-1 for 4-3 
on OTMS treated substrate) compared to the as deposited devices. Nonetheless, 
upon annealing at 100 oC, thin films of 4-4 showed much lower electron mobility 
(about 4 × 10-4 cm2V-1s-1). The current on/off ratio for all the devices is about 104 
– 105, and threshold voltage is around 10-20 V. 
 
Table 4.3. The electron mobilities (μe), threshold voltages (VT), and current on/off 
ratios (Ion/off) of OFET devices based on 4-1a–b and 4-2 – 4-4 measured in 

















4-1a ODTS As-spun 0.006 15 105 0.0008 45 104 
 OTMS As-spun 0.012 15 105 0.002 25 104 
4-1b ODTS As-spun 0.0064 20 105 5×10-5 26 104 
 OTMS As-spun 0.01 15 105 0.002 36 104 
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4-2 ODTS 150 0.001 10 104 0.0002 8 103 
 OTMS 150 0.0028 10 104 0.001 12 104 
4-3 ODTS 150 0.004 10 104 0.001 20 105 
 OTMS 150 0.016 18 105 0.006 16 105 
4-4 ODTS 100 2×10-5 5 103 5×10-6 20 103 
 OTMS 100 4×10-4 5 104 1×10-4 20 103 
 
Thin film morphology and solid state microstructure were characterized by 
tapping-mode atomic force microscopy (AFM) and XRD. The thin films of 4-1a, 
4-1b and 4-2 – 4-4 exhibited intense and sharp Bragg reflections in XRD patterns 
(Figure 4.9), which are correlated to a lamellar packing structure with interlayer 
distance of 3.15, 3.45, 3.29, 1.94 and 2.1 nm, respectively. AFM images of the 
thin films revealed polycrystalline grains with different shapes (Figure 4.10). Thin 
films of and 4-2 and 4-4 exhibited relatively larger grain boundary, and thus poor 
FET performance. On the other hand, the liquid crystalline 4-1a, 4-1b and 4-3 
showed more continuous thin films and higher charge carrier mobilities. The 
devices operated in air showed slight decrease of electron mobility and on/off 
ratio (Table 4.3). For 4-2 and 4-3, the threshold voltage almost did not shift when 
tested in air after storing (Figure 4.11). The good device stability must be ascribed 
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Figure 4.9. X-ray diffraction patterns for the thin films of 4-1a, 4-1b (as-spun), 










Figure 4.10. AFM images (height and amplitude images, 2μm×2μm) of the thin 
films of a) 4-1a (as-spun), b) 4-1b (as spun), c) 4-2 (annealed at 150 oC), d) 4-3 







































Figure 4.11. Transfer characteristics of thin films 4-2 (a) and 4-3 (b) on OTMS 
treated substrates annealed at 150 oC for as spun conditions (red) and after storing 
in N2 for three months (blue). 
 
4.3 Conclusions 
In summary, a series of unsymmetric naphthalene imide derivatives 4-1a, 4-1b 
and 4-2 – 4-5 with high electron affinities were synthesized and used in air-stable 
n-channel OFETs. It was found that liquid crystalline compounds 4-1a, 4-1b and 
4-3 showed good performance with electron mobility up to 0.016 cm2 V-1s-1 and 
current on/off ratios of 104-105. These compounds can be easily processed from 
solution at low temperature, indicating their promising applications in solution 








di-amine 5,6-diamino-2-(3,7-dimethyloctyl)isoindoline-1,3-dione (4-7a), 
5,6-diamino-2-(2-decyltetradecyl)isoindoline-1,3-dione (4-7b), 
benzo[c][1,2,5]thiadiazole-5,6-dicarbonitrile (4-8), 
benzo[c][1,2,5]thiadiazole-4,7-dicarbonitrile (4-10) and 
4,5-dinitrobenzene-1,2-diamine (4-13) were prepared according to literature 
procedure.5-6 
All NMR spectra were recorded on Bruker AMX500 at 500 MHz and Bruker 
ACF300 at 300 MHz spectrometers. 1H NMR and 13C NMR spectra were 
recorded in CDCl3 and DMSO-d6. All chemical shifts are quoted in ppm, using 
the residual solvent peak as a reference standard. Mass spectra were recorded in 
EI mode and high resolution mass spectra were recorded with EI source. 
Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) analysis 
was performed on a Bruker Autoflex II MALDI-TOF instrument by using 
1,8,9-trihydroxyanthracene as matrix and Pepmix as internal standard or external 
standard. UV-vis absorption and fluorescence spectra were recorded on Shimadzu 
UV-1700 and RF-5301 spectrometers in HPLC pure solvents. Cyclic voltammetry 
was performed on a CHI 620C electrochemical analyzer with a three-electrode 
cell in a solution of 0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6) 
dissolved in dry DCM at a scan rate of 100 mV s−1. A gold electrode with a 




electrode, the counter electrode and the reference electrode, respectively. The 
potential was calibrated against the ferrocene/ferrocenium couple. 
Thermogravimetric analysis was carried out on a TA instrument 2960 at a heating 
rate of 10 °C/min under N2 flow, differential scanning calorimetry was performed 
on a TA instrument 2920 at a heating/cooling rate of 10 °C/min under N2 flow. 
The initial phase transitions and corresponding temperatures for these compounds 
were determined by an OLYMPUS BX51 polarizing optical microscope equipped 
with a Linkam TP94 programmable hot stage. VT X-ray diffraction studies were 
carried out on a Bruker-AXS D8 ADVANCE Powder X-ray diffractometer with 
Anton Paar Model HTK 1200 High Temperature Chamber and room temperature 
XRD measurements were performed on a Bruker-AXS D8 DISCOVER with 
GADDS Powder X-ray diffractometer, both with Cu Kα radiation. 
Top-contact, bottom-gate OFET devices were prepared on the p+ silicon wafer 
and 200 nm thermal SiO2 layer serves as the gate dielectric. The SiO2/Si substrate 
was cleaned with acetone and isopropanol, then immersed in a piranha solution 
for 8 minutes, and washed by deionized water. The clean substrate was then 
treated with octadecyltrimethoxysilane (OTMS) spin coated from 10 mM 
trichloroethylene solution followed by treatment with ammonia for 7h, or with 
octadecyltrichlorosilane (ODTS) immersed in 3 mM hexadecane solution for 16h 
in N2. The semiconductor layer was deposited on top of the OTMS or 
ODTS-modified dielectric surface by spin-casting from the solution of active 
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component in chloroform (0.8-1 wt%). Subsequently, gold source/drain electrodes 
were deposited by thermal evaporation through a metal shadow mask to create a 
series of FETs (W = 1 mm, L = 50-100 um). The FET devices were then 
characterized using a Keithley SCS-4200 semiconductor parameter analyzer in the 
N2 glovebox. The FET mobility was extracted using the following equation in the 
saturation regime from the gate sweep: ID = W/(2L)Ciμ(VG - VT)2, where ID is the 
drain current, μ is the field-effect mobility, Ci is the capacitance per unit area of 
the gate dielectric layer (SiO2, 200 nm, Ci = 17 nF cm-2), and VG and VT are gate 
voltage and threshold voltage, respectively. W and L are respectively channel 
width and length. 
 
4.4.2 Synthesis of the intermediates and target molecules 
 
4,5-diaminophthalonitrile 
A mixture of benzo[c][1,2,5]thiadiazole-5,6-dicarbonitrile 4-8 (0.930 g, 5.0 
mmol), ion powder (3.360 g, 60 mmol, 12 eq), and glacial acetic acid (20 mL) 
was heated under reflux for around 30 min. It was then cooled to room 
temperature, basified with a solution of NaOH, and extracted with ether. The 
combined ether extract was washed with a solution of NaOH and water, dried 




and purified with column chromatography using Hex/THF (1:1) to give the final 
product 4-9 as white solid (0.632 g,. 80%). 1H NMR (500 MHz, DMSO-d6): δ 
ppm = 6.87 (s, 2H) 5.87 (br, 4H); 13C NMR (125 MHz, DMSO-d6): δ ppm = 










A mixture of benzo[c][1,2,5]thiadiazole-4,7-dicarbonitrile 4-10 (0.930 g, 5.0 
mmol), ion powder (3.360 g, 60 mmol, 12 eq), and glacial acetic acid (20 mL) 
was heated under reflux for around 30 min. It was then cooled to room 
temperature, basified with a solution of NaOH, and extracted with ether. The 
combined ether extract was washed with a solution of NaOH and water, dried 
over anhydrous Na2SO4, and the solvent was removed to afford a yellow residue 
and purified with column chromatography using Hex/THF (1:1) to give the final 
product 4-11 as white solid (0.672 g, 85%). 1H NMR (500 MHz, DMSO-d6): δ 
ppm = 6.71 (s, 2H), 6.06, (br, 4H); 13C NMR (125 MHz, DMSO-d6): δ ppm = 
139.62, 118.48, 117.66, 95.05. HR-EI-MS (m/z): calcd. for C8H6N4: 158.0592; 
found 158.0586 (error = -0.4 ppm). Elemental Analysis: calcd. for C64H76N6O4: C, 
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60.75; H, 3.82; N, 35.42; found: C, 60.47; H, 3.89; N, 35.19. 
 
General procedure for condensation reaction between anhydride and 
diamine 
A mixture of 4-6 (1.0 equiv), and diamine (1.0 equiv) were refluxed in HOAc 
under Ar(g) atmosphere for overnight. Upon cooling, the suspension was 
dissolved with DCM and water, and extracted with DCM. The combined organic 
phases were washed with saturated NaCl (aq), and was finally dried over Na2SO4, 
concentrated under reduced pressure to give a residue and purified with column 





4-6 (0.4 mmol, 152 mg), diamine 4-7a (0.4mmol, 127 mg). 4-1a, Golden yellow 
solid (230 mg, 87%). 
1H NMR (500 MHz, CDCl2CDCl2, 373 K): δ ppm = 9.07 (d, J = 8.0 Hz, 2H), 9.01 
– 8.98 (m, 2H), 8.88 - 8.83 (m, 2H), 8.34 (s, 1H), 4.26 (t, J = 7.0 Hz, 2H), 3.81 (d, 




0.96 - 0.92 (m, 9H); 13C NMR (125 MHz, CDCl2CDCl2, 373K): δ ppm = 167.10, 
162.22, 162.05, 158.72, 150.44, 147.80, 135.25, 131.70, 131.19, 130.56, 130.26, 
129.96, 128.28, 127.61, 127. 24, 126.36, 125.79, 125.63, 124.35, 120.13, 116.02, 
111.42, 40.88, 39.04, 36.84, 36.66, 35.28, 31.43, 30.76, 28.91, 28.77, 27.88, 27.59, 
26.82, 24.23, 22.27, 22.22. MALDI-TOF-MS (m/z): calcd. for C40H44N4O5: 
660.3312; found 661.3343 [M+H]+. Elemental Analysis: calcd. for C64H76N6O4: C, 
















4-6 (0.375 mmol, 143 mg), diamine 4-7b (0.375 mmol, 192 mg). 4-1b, Golden 
yellow solid (282 mg, 88%). 
1H NMR (500 MHz, CDCl3, 323 K): δ ppm = 8.94 - 8.91 (m, 2H), 8.84 (s, 1H), 
8.81 - 8.76 (m, 2H), 8.17 (s, 1H), 4.21 (t, J = 8.0 Hz, 2H), 3.63 (d, J = 7.0 Hz, 2H), 
1.93 (br, 1H), 1.81 - 1.75(m, 2H), 1.49 - 1.24 (m, 50H), 0.90 - 0.85 (m, 9H); 13C 
NMR (125 MHz, CDCl3, 323 K): δ ppm = 167.75, 167.73, 162.50, 162.34, 158.84, 
150.52, 147.84, 135.33, 132.07, 131.52, 130.88, 130.31, 130.02, 128.45, 127.82, 
127.42, 126.46, 125.91, 125.83, 124.43, 116.18, 111.73, 42.88, 41.15, 37.22, 
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31.92, 31.82, 29.98, 29.68, 29.65, 29.63, 29.59, 29.32, 29.28, 29.18, 28.16, 27.15, 
26.45, 22.64, 22.61, 13.99. HR-EI-MS (m/z): calcd. for C54H72N4O5: 856.5503; 
found 856.5536 (error = 3.9 ppm). Elemental Analysis: calcd. for C64H76N6O4: C, 





4-6 (0. 50 mmol, 190 mg), diamine 4-9 (0.50 mmol, 79 mg). 4-2, Yellow solid 
(202 mg, 81%). 
1H NMR (500 MHz, CDCl3, 273K): δ ppm = 9.08 (d, J = 7.5 Hz, 1H), 9.04 – 9.02 
(m, 2H), 8.91 - 8.88 (m, 2H), 8.35 (s, 1H), 4.22 (t, J = 7.5 Hz, 2H), 1.79 - 1.73 (br, 
2H), 1.56 - 1.28(m, 10H), 1.49 - 1.24 (m, 50H), 0.88 (t, J = 6.5 Hz, 3H); 13C NMR 
(125 MHz, CDCl3, 323K): δ ppm = 162.40, 162.25, 159.04, 152.45, 146.20, 
134.06, 132.66, 131.65, 131.12, 128.97, 128.82, 127.58, 126.70, 126.64, 126.28, 
126.05, 123.80, 121.82, 115.49, 115.33, 113.42, 112.58, 41.25, 31.80, 29.26, 
29.16, 28.16, 27.12, 22.60, 13.96. HR-EI-MS (m/z): calcd. for C30H23N5O3: 
501.1801; found 501.1814 (error = 2.6 ppm). Elemental Analysis: calcd. for 








4-6 (0. 5 mmol, 190 mg), diamine 4-11 (0.5 mmol, 79 mg). 4-3, Yellow solid (210 
mg, 84%). 
1H NMR (500 MHz, CDCl3, 273K): δ ppm = 9.17 (d, J = 8.0 Hz, 1H), 9.05 (d, J = 
7.5 Hz, 1H), 8.89 - 8.86 (m, 2H), 7.98 (d, J = 8.0 Hz, 1H) 7.92 (d, J = 8.0 HZ, 1H), 
4.21 (t, J = 7.5 Hz, 2H), 1.79 - 1.73 (br, 2H), 1.46 - 1.25(m, 10H), 0.88 (t, J = 7.5 
Hz, 3H); 13C NMR (125 MHz, CDCl3, 273K): δ ppm = 162.42, 162.25, 158.73, 
151.30, 146.49, 133.02, 132.59, 131.70, 131.18, 130.99, 130.05, 129.13, 128.64, 
127.24, 126.36, 125.93, 125.76, 123.59, 115.83, 114.52, 109.13, 104.88, 41.15, 
31.79, 29.27, 29.16, 28.09, 27.06, 22.62, 14.07. HR-EI-MS (m/z): calcd. for 
C30H23N5O3: 501.1801; found 501.1814 (error = 2.6 ppm). Elemental Analysis: 
calcd. for C64H76N6O4: C, 71.84; H, 4.62; N, 13.96; found: C, 71.77; H, 4.91; N, 
13.77. 
 






4-6 (0. 5 mmol, 190 mg), diamine 4-12 (0.5 mmol, 79 mg). 4-4, Yellow solid (210 
mg, 84%). 
1H NMR (500 MHz, CDCl3, 273 K): δ ppm = 9.04 (d, J = 7.5 Hz, 1H), 8.92 (d, J 
= 7.5 Hz, 1H), 8.90 (d, J = 8.0 Hz, 1H), 8.05 (d, J = 7.5 Hz, 1H), 4.20 (t, J = 7.5 
Hz, 2H), 1.78 - 1.71 (m, 2H), 1.46 - 1.25 (m, 10H), 0.87 (t, J = 7.0 Hz, 3H); 13C 
NMR (125 MHz, CDCl3, 273 K): δ ppm = 162.12, 161.96, 156.68, 147.44, 134.29, 
131.84, 131.10, 129.64, 128.75, 127.31, 127.14, 126.44, 125.09, 124.31, 122.37, 
110.50, 109.38, 107.20, 41.23, 31.76, 29.22, 29.14, 28.05, 27.04, 22.60, 14.06. 
HR-EI-MS (m/z): calcd. for C30H23N5O3: 501.1801; found 501.1814 (error = 2.6 
ppm). Elemental Analysis: calcd. for C64H76N6O4: C, 69.17; H, 4.69; N, 15.51; 








4-6 (0. 6 mmol, 228 mg), diamine 4-13 (0.6 mmol, 118 mg). 4-5, Yellow solid 
(270 mg, 83%). 
1H NMR (500 MHz, CDCl3, 273 K): δ ppm = 9.13 (s, 1H), 9.09 (d, J = 8.0 Hz, 
1H), 9.04 (d, J = 8.0 Hz, 1H), 8.91 - 8.88 (m, 2H), 8.43 (s, 1H), 4.23 (t, J = 8.0 Hz, 
2H), 1.80- 1.74 (br, 2H), 1.32 - 1.29(m, 10H), 0.88 (t, J = 7.0 Hz, 3H); 13C NMR 
(125 MHz, CDCl3, 273 K): δ ppm = 162.36, 162.20, 158.90,153.41, 145.47, 
142.02, 141.13, 132.94, 132.78, 131.64, 131.11, 129.02, 128.86, 127.55, 126.75, 
126.21, 125.84, 123.66, 117.57, 113.32, 41.25, 31.80, 29.26, 29.16, 28.15, 27.11, 
22.60, 13.97. HR-EI-MS (m/z): calcd. for C28H23N5O7: 541.1597; found 541.1617 
(error = 3.7 ppm). Elemental Analysis: calcd. for C64H76N6O4: C, 62.10; H, 4.28; 
N, 12.93; found: C, 62.28; H, 4.28; N, 12.83. 
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A Phthalimide-fused Naphthalene Dimide with High 
Electron Affinity for High Performance n-Channel Field 
Effect Transistor 
 




In chapter 4, a series of electron-deficient unsymmetrical naphthalene imide 
derivatives have been successfully synthesized, and the fabricated devices exhibit 
electron mobility of up to 0.016 cm2 V-1s-1, with current on/off ratios of 104-105, 
and threshold voltages of 10-20 V. However, the charge mobility still needs to be 
improved based on the unsymmetrical naphthalene imide derivatives. 
Many results have proved that NDIs with electron-withdrawing groups can 
increase electron affinity and ambient stability of the device.1-2 Previously, 
core-expanded NDIs along the naphthalene moiety have been extensively studied, 
and exhibited superior OFET performances based on the solution processed 
devices.3-7 However, only few examples of expanded NDIs with an aromatic unit 
fused at the imide sites have been reported,8-13 and most of them showed larger 
electron affinity compared to the unsubstituent NDIs. Among them, only few of 
them were applied for OFETs. For example, NDIs fused with 
thieno[3,4-d]imidazoles at the imide position showed high electron mobility of 
0.35 cm2V-1s-1  and NDIs fused with trifluoromethylbenzene group exhibited an 
electron mobility of 0.1 cm2V-1s-1, both based on vacuum deposited films.7,13 
However, the performance of solution processed OFETs based on these materials 
was quite poor (μe = 4 × 10-5 to 3 × 10-3 cm2 V-1s-1) compared to vacuum 
deposited ones. Moreover, air stability of the devices was still a problem due to 




semiconductor for air-stable, solution-processed n-channel OFETs, in this chapter, 
we show a new NDI derivative NDIIC24 in which the two imide sites of the NDI 
are fused with diamino- phthalimide (Scheme 5.1). The molecular design is based 
on the following considerations: 1) extension of the π-conjugation length via 
fusion ensures the planar structure and promotes intermolecular π-π stacking, 
which is benefit for the efficient charge transport; 2) the electron-deficient imide 
groups and imine (=N-) units could increase the electron affinity, which is 
important for electron injection and air stability of the devices; 3) the N-alkyl 
chains at the end could tune the solubility and crystallinity of the materials. 
 
5.2 Results and Discussion 
Compound NDIIC24 was synthesized as an orange solid in 93% yield by 
simple condensation reaction between the commercially available 
1,4,5,8-naphthalenetetracarboxylic dianhydride 5-1 and the diamine 
5,6-diamino-2-(2-decyltetradecyl)isoindoline-1,3-dion 5-2 which was recently 
reported by us (Scheme 5.1), the synthesis of 5-2 was also shown in chpter 3.14 
NDIIC24 showed moderate solubility in CHCl3 and THF, which allows us to 
perform various characterizations in solutions and fabricate OFET devices by 
convenient solution-based techniques. 1H NMR spectrum showed that two 
isomers, cis-/trans-NDIIC24, coexist in an approximately 1:1 ratio, which 
however cannot be separated by column chromatography (see Appendix). 
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Replacement of the branched 2-decyltetradecyl chain by shorter chains such as 
2-hexyldecyl or 3,7-dimethyloctyl led to insoluble materials, indicating the strong 
intermolecular interaction between the rigid cores. 
 
 
Scheme 5.1 Synthetic route for NDIIC24. 
 
NDIIC24 shows well-resolved UV-vis absorption and emission bands in 
chloroform solution, exhibiting the longest absorption maximum at 532 nm and 
emission maximum at 548 nm (Figure 5.1). It is interesting to note that NDIIC24 
shows high fluorescence quantum yield of 44% in CHCl3. Moreover, the strong 




















































































Potential vs Fc+/Fc (V)
a) b)
Figure 5.1 (a) UV-vis absorption and emission spectra of NDIIC24 in chloroform; 
(b) Cyclic voltammograms of NDIIC24 in dry DCM with 0.1 M Bu4NPF6 as 
supporting electrolyte, a gold electrode with a diameter of 2 mm, a Pt wire, and an 
Ag/AgCl electrode were used as the working electrode, the counter electrode, and 
the reference electrode, respectively, with a scan rate at 50 mV/s. 
 
The electrochemical properties of NDIIC24 were investigated by cyclic 
voltammetry (CV) and differential pulse voltammetry (DPV) in dichloromethane 
(DCM). As shown in Figure 5.1, two quasi-reversible reduction waves were 
observed for NDIIC24, with half-wave potential Ered1/2 at -0.66 V and -1.06 V (vs 
Fc+/Fc). The LUMO energy level was derived as -4.21 eV from the onset of the 
first reduction wave.15 No obvious redox waves were observed upon anodic scan 
up to 1.80 V due to the electron deficient character of this compound. The 
low-lying LUMO energy level (i.e., high electron affinity) of this compound 
indicates that it can serve as promising candidate for n-channel OFETs with good 
air stability.16 Thermogravimetric analysis of NDIIC24 revealed that it was 
thermally stable up to 443 oC with 5% weight loss (Figure 5.2). 
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Figure 5.2 a) TGA plot of NDIIC24 with a heating rate of 10 oC/min in nitrogen; 
b) DSC plot of NDIIC24 with a heating/cooling rate of 10 oC/min in nitrogen 
 
Bottom-gate, top-contact OFETs were fabricated on p+-Si wafer with 200 nm 
thermal grown SiO2 as the dielectric layer. The dielectric surface was treated with 
(octadecyltrimethoxysilane (OTMS) or octadecyltrichlorosilane (ODTS), and then 
thin film of NDIIC24 were deposited by spin coating from 0.6-1.0 wt% CHCl3 
solution. The devices were completed by patterning the Au source/drain 
electrodes using a shadow mask. The devices exhibited typical n-type behavior 
with an average electron mobility of 0.056 cm2V-1s-1 for the devices on 
OTMS-treated substrate measured in nitrogen (Table 5.1). This value is one order 
of magnitude higher than that of solution processed devices based on 
thieno[3,4-d]imidazole fused NDIs (μe = 0.003 cm2V-1s-1).7 The devices on 
ODTS-modified substrate generally gave lower mobilities. The current on/off 
ratio is around 106, and threshold volatge (VT) is about 10-20 V. The output and 
transfer characteristics of the device are shown in Figure 5.3. Well defined 




behavior at low voltage indicated a small injection barrier between Au electrodes 
and active layer. The transfer curves exhibited a small hysteresis between forward 
and reverse curves due to less trap density on the dielectric surface.  
 



































OTMS As spun 0.056 9-12 1×10
6
  0.05 22-26 3×10
6
 
OTMS 100 0.038 12-15 4×10
3
  0.036 21-24 1×10
6
 
ODTS As spun 0.012 8-10 1×10
5
  0.006 22-24 2×10
5
 
ODTS 100 0.008 14-16 4×10
3
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Figure 5.3 Output and transfer (VDS = 70 V) characteristics of a typical OFET 
device based on NDIIC24. 
 
The air stability of OFET devices based on NDIIC24 was checked in the 
ambient conditions. When device exposed to air, the transfer curve showed almost 
no shift due to its high electron affinity, as well as the electron mobility (Figure 
5.4 and Table 5.1). After the device storing in N2 atmosphere for 6 months, 
electron mobility of 0.04 cm2V-1s-1 was still maintained (70% of the pristine value) 
with a stable on/off current ratio of 105 (Figure 5.5). The bias stress stability of the 
device was studied with a constant gate bias of 20 V. Small VT shift was observed 
upon stress conditions (Figure 5.4), indicating good stress stability of this material. 
The current on/off cycle test of OFET devices of this compound was also 
evaluated for 1200 s, and only slight current degradation in the initial stage was 
observed (Figure 5.4), indicating good operating stability of this material. 
 


















VDS = 70 V
 











































Figure 5.4 (a) Transfer characteristics of an OFET device based on NDIIC24 
measured in N2 and air conditions; (b) stability of transfer characteristics of the 
device under different bias stress conditions; (c) cyclic stability of the device 
during continuous on/off cycles for 1200 s (VON = 60 V, VOFF = 0 V). 
 


















VDS = 70 V
 
 
Figure 5.5 The transfer characteristics of the OFET device tested after storing in 
N2 for 6 months. 
 
The film morphology and microstructure of the spin-coated thin film were 
characterized by tapping-mode AFM and X-ray diffraction (XRD), respectively 
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(Figure 5.6). AFM measurements showed that the thin film exhibited uniform and 
interconnected grains with grain sizes around 400 nm. After thermal annealing at 
100 oC, no obvious change was observed for the surface morphology. However, 
XRD patterns of the thin film showed an detectable shift of the d-spacing of 
primary peak from 28.1 Å to 26.7 Å, probably due to increased molecular tilting 
on the dielectric surface and/or larger degree of N-alkyl chain interdigitation. In 
addition, annealing did not improve the device performance in this case (Table 
5.1). 
 
























Figure 5.6 (a) X-ray diffraction patterns of spin coated thin films of NDIIC24 on 
OTMS-treated substrates before and after thermal annealing at 100 oC; (b) tapping 
mode AFM images (height mode) of the thin films of NDIIC24 on OTMS 
modified SiO2/Si substrate. 
 
CMOS inverters were accomplished by combining two transistors with 
n-type NDIIC24 as n-mos and p-type TIPS-pentacene as p-mos through solution 




NDIIC24 (~0.05 cm2V-1s-1) and TIPS-pentacene (~0.8 cm2V-1s-1), the n-channel 
transistor size was designed 10× larger than that of the p-channel transistor 
((W/L)p : (W/L)n of 1 : 10). The inverter shows good response, with VOUT of the 
inverter exhibiting a sharp inversion at VIN of ~53 V and at VDD of 80 V, which 
corresponds to a maximum voltage gain (-dVOUT/dVIN) of 64. 
 









































Figure 5.7 (a) Schematic representation of the inverter; (b) Chemical structures of 
the TIPS-pentacene and NDIIC24; (c) Voltage transfer characteristics of a 
complementary inverter with various supplied voltages and the plots of gains 
(-dVOUT/dVIN) that correspond to the voltage transfer curves. 
 
5.3 Conclusions 
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In summary, NDIIC24 as a highly electron-deficient semiconductor was 
prepared in a simple way and used for high performance n-channel OFETs and 
complementay inverters. The OFETs were conveniently fabricated via solution 
processing, and high electron mobility and high on/off current ratio were achived. 
Due to the low-lying LUMO energy level, the OFET devices displayed very good 
air stability and operating stability, which is essential for practical applications. As 
a demonstration, complementary inverters based on n-type NDIIC24 and p-type 




NMR spectra were recorded on Bruker AMX500 at 500 MHz spectrometers. 
1H NMR spectrum was recorded in CDCl3. All chemical shifts are quoted in ppm, 
using the residual solvent peak as a reference standard. Matrix-assisted laser 
desorption ionization time-of-flight (MALDI-TOF) analysis was performed on a 
Bruker Autoflex Ⅲ MALDI-TOF instrument by using 1,8,9-trihydroxyanthracene 
as matrix and Pepmix as internal standard or external standard.  
UV-vis absorption and fluorescence spectra were recorded on Shimadzu 
UV-1700 and RF-5301 spectrometers in HPLC pure solvents. Cyclic voltammetry 
was performed on a CHI 620C electrochemical analyzer with a three-electrode 




dissolved in dry DCM at a scan rate of 50 mV s-1. A gold electrode with a 
diameter of 2 mm, a Pt wire and an Ag/AgCl electrode were used as the working 
electrode, the counter electrode and the reference electrode, respectively. The 
potential was calibrated against the ferrocene/ferrocenium couple. 
Thermogravimetric analysis (TGA) was carried out on a TA instrument 2960 at a 
heating rate of 10ºC/min under N2 flow. 
Top-contact, bottom-gate TFTs were prepared. A heavily p+-doped silicon 
wafer (100, Silicon Quest International, resistivity < 0.005 Ωcm-1) with a 200-nm 
thermal silicon dioxide (SiO2) was used as the substrate/gate electrode, with the 
SiO2 layer serving as the gate dielectric. The SiO2/Si substrate was cleaned with 
acetone, IPA. It was then immersed in a piranha solution (V(H2SO4) : V(H2O2) = 
2:1) for 20 minutes, followed by rinsing with deionized water, and then treated 
with octadecyltrimethoxysilane (OTMS) spin coated from 10 mM 
trichloroethylene solution, and treated with ammonia for 7h, or 
octadecyltrichlorosilane (ODTS) immersed in 3 mM hexadecane solution for 16h 
in N2. The semiconductor layer was deposited on top of the modified substrates by 
spin coating the 0.6-1 wt% solution in chloroform, firstly annealed at 60 oC for 10 
min to remove the solvent, then the devices annealed at selective temperatures for 
0.5 h. Subsequently, gold source/drain electrode pairs were deposited by thermal 
evaporation through a metal shadow mask to create a series of TFTs with various 
channel length (L = 100/150 µm) and width (W = 1/4 mm) dimensions. The TFT 
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devices were characterized using a Keithley SCS-4200 probe station under N2 or 
ambient conditions in the dark. 
 
5.4.2 Detailed Synthetic Procedures and Characterization Data 
2,12-bis(2-decyltetradecyl)benzo[lmn]isoindolo[5',6':4,5]imidazo[2,1-b]iso
indolo[5',6':4,5]imidazo[2,1-i][3,8]phenanthroline-1,3,8,11,13,18(2H,12H)-hex
aone isomers (NDIIC24) 
A mixture of 1,4,5,8-naphthalenetetracarboxylic dianhydride (40 mg, 0.15 
mmol, 1.0 equiv), and the diamine 
5,6-diamino-2-(2-decyltetradecyl)isoindoline-1,3-dione (154 mg, 0.30 mmol, 2.0 
equiv) were refluxed in HOAc (15 mL) under nitrogen atmosphere overnight. 
Upon cooling, the suspension was dissolved with CHCl3 and water, and extracted 
with CHCl3. The combined organic phases were washed with saturated NaCl (aq), 
and were finally dried over Na2SO4, concentrated under reduced pressure to give a 
residue which precipitated in MeOH. Reprecipitation in MeOH for another two 
times gave the title compound as an orange solid (170 mg, 93%). 1H NMR (500 
MHz, CDCl3): δ ppm = 9.16 – 9.02 (m, 5H), 8.94 – 8.91 (m, 1H), 8.37 – 8.33 (m, 
2H), 8.66 (d, J = 7.0 Hz, 4H), 1.95 (br, 2H), 1.57 – 1.24 (m, 80H), 0.86 – 0.85 (m, 
12H). HR-MALDI-TOF-MS (m/z): calcd. for C78H106N6O6: 1223.7128; found 
1224.8325 (error = 2.08 ppm). Elemental Analysis: calcd. for C78H106N6O6: C, 
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The overall objective of this thesis was to design and synthesize π-conjugated 
molecules for two photon absorption (2PA) materials and organic field effect 
transistors (OFETs). It was found that octupolar molecules with D-π-A braches 
could achieve high 2PA cross section, and molecules with imide groups, CN 
groups, and imine (=N-, such as pyrazine) moieties could accomplish n-channel 
semiconductors. Considerable π-extended conjugated molecules with varied 
physical and optical properties have been successfully synthesized following 
above strategies. 
Initial attempts to achieve two photon active molecules with high 2PA cross 
section were made based on a ‘donor-acceptor’ strategy using triazatruxene as the 
electron rich core. It was found that several electron withdrawing groups can be 
introduced onto the electron-rich triazatruxene core linked via double bond or 
thienylene vinylene as conjugation bridges. All newly synthesized chromophores 
2-1 to 2-6 displayed high two-photon absorptivity with the maxima ranging from 
280 GM to 1620 GM. Moreover, 2-5 and 2-6 exhibit large 2P action cross section (δΦ) 
with good thermal and photostability, so they could be the potential 2PF probes. 
Nonetheless, the 2PA cross section achieved was not high enough, and the 
construction of dendrimers based on the triazatruxene could be a good way. 
In subsequent studies, a series of electron-deficient pyrazine-containing linear 
and star-shaped acene and starphene molecules end functionalized with 




electrochemical properties and thermal behavior were investigated in detail. Due 
to the attachment of electron-withdrawing carboximide groups and the fusion of 
pyrazine rings, these new compounds showed high electron affinities with the 
low-lying LUMO energy level of -4.01 eV. In particular, 3-2a and 3-3 showed 
column liquid crystal property. Electron mobilities in thin films were measured 
via the SCLC technique; however, the charge mobilities obtained was only 
moderate, probably due to their poor molecule arrangements in the solid state. 
This result stimulates us to prepare more efficient n-channel semiconductors with 
dense molecular packing structure. 
The building block, naphthalene diimide (NDI) exhibit strong π-π stacking in 
the solid state, and was selected as the functional core to build n-channel 
semiconductors. Thereby a series of electron-deficient naphthalene imide 
derivatives 4-1a–b and 4-2 – 4-5 were readily synthesized via condensation 
reaction. Their optical properties, electrochemical properties, thermal behavior 
were fully investigated. The low-lying LUMO energy levels (-3.90 to -4.15 eV) 
located within the air stability window ensure air-stable n-channel operation. 
Semiconductors 4-1a–b and 4-2 – 4-4 were used as active components for high 
performance, solution-processed n-channel organic field effect transistors. The 
fabricated devices exhibit electron mobility of up to 0.016 cm2 V-1s-1, with current 
on/off ratios of 104-105, and threshold voltages of 10-20 V. Moreover, their 




candidate in organic electronics. However, the electron mobilities are still to be 
improved. 
In pursuit of n-channel semiconductors with high electron mobility and good 
air stability, an electron deficient NDI derivative NDIIC24 was designed and 
synthesized via condensation reaction, and applied for n-channel OFETs. The 
photophysical, electrochemical and thermal properties were carefully investigated. 
Thin film XRD and surface morphology indicate the formation of highly ordered 
microstructures on the dielectric surface. Due to the low-lying LUMO energy 
level (-4.21 eV), the OFET devices fabricated from solution processed film of 
NDIIC24 exhibited high electron mobility up to 0.056 cm2V-1s-1 with a current 
on/off ratio of 105 and a small threshhold voltage around 10 V. Complementary 
inverters based on n-type NDIIC24 and p-type TIPS-Pentacene were also 
fabricated, demonstrating a maximum voltage gain (-dVOUT/dVIN) of 64. 
Our approach opens opportunities to prepare a series of new conjugated 
molecules for 2PA materials and n-channel OFETs. Further structural 
optimization are still in demand, such as construction of dendrimers which could 
enhance the 2PA cross section, and introduction of electron withdrawing groups 
onto a building block with good molecular stacking which would improve the 



























































































































































































































*** Acquisition  Parameters ***
DATE_t : 09:54:19




NS :              8
NUCLEUS : off
O1 :        3088.51 Hz
SFO1 :    500.1330885 MHz
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*** Acquisition  Parameters ***
DATE_t : 10:31:02
DATE_d : Mar 07 2009
DBPNAM7 :
DS :              0
NS :           1000
O1 :       13204.57 Hz
O2 :        2446.00 Hz
O3 :       12575.30 Hz
SFO1 :    125.7709936 MHz
SFO2 :    500.1324460 MHz
SFO3 :    125.7703643 MHz
SOLVENT : CDCl3
*** Processing Parameters ***
AZFW :          0.500 ppm
*** 1D NMR Plot Parameters ***


















































































































































































































































*** Acquisition  Parameters ***
AQ_mod : dqd
AUNM : au_zg
BF1 :    500.1300000 MHz
BF2 :    500.1300000 MHz
BF3 :    500.1300000 MHz
DATE_t : 02:15:06
DATE_d : Jun 05 2009
INSTRUM : av500
NS :             16
O1 :        3088.51 Hz
O2 :        3088.51 Hz
O3 :        3088.51 Hz
PARMODE : 1D
SOLVENT : CDCl3
SW :        20.6557 ppm
TE :          300.0 K
*** Processing Parameters ***
AZFW :          0.100 ppm
LB :           0.30 Hz
MAXI :       10000.00 cm
MI :           0.00 cm
PC :           1.00
WDW : EM
*** 1D NMR Plot Parameters ***
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Enlarged part:  









































































































































*** Acquisition  Parameters ***
AQ_mod : dqd
AUNM : au_zg
BF1 :    500.1300000 MHz
BF2 :    500.1300000 MHz
BF3 :    500.1300000 MHz
DATE_t : 02:15:06
DATE_d : Jun 05 2009
INSTRUM : av500
NS :             16
O1 :        3088.51 Hz
O2 :        3088.51 Hz
O3 :        3088.51 Hz
PARMODE : 1D
SOLVENT : CDCl3
SW :        20.6557 ppm
TE :          300.0 K
*** Processing Parameters ***
AZFW :          0.100 ppm
LB :           0.30 Hz
MAXI :       10000.00 cm
MI :           0.00 cm
PC :           1.00
WDW : EM
*** 1D NMR Plot Parameters ***















































































































































































































































*** Acquisition  Parameters ***
DATE_t : 11:51:30




NS :           7728
NUCLEUS : off
O1 :       13204.57 Hz
SFO1 :    125.7709936 MHz
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*** Acquisition  Parameters ***
DATE_t : 02:15:25




NS :              8
NUCLEUS : off
O1 :        3088.51 Hz
SFO1 :    500.1330885 MHz
























































































































*** Acquisition  Parameters ***
DATE_t : 02:15:25




NS :              8
NUCLEUS : off
O1 :        3088.51 Hz
SFO1 :    500.1330885 MHz
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*** Acquisition  Parameters ***
DATE_t : 02:20:57




NS :           1641
NUCLEUS : off
O1 :       13204.57 Hz
SFO1 :   125.7709936 MHz



























































































































































































































*** Acquisition  Parameters ***
BF1 :    500.1300000 MHz
LOCNUC : 2H
NS :            100
O1 :        3088.51 Hz
PULPROG : zg30
SFO1 :    500.1330885 MHz
SOLVENT : CDCl3
SW :        20.6557 ppm
*** Processing Parameters ***
LB :           0.30 Hz
PHC0 :        272.770 degree
PHC1 :         13.972 degree
 1H AMX500
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*** Acquisition  Parameters ***
BF1 :    125.7577890 MHz
LOCNUC : 2H
NS :           4031
O1 :       13204.57 Hz
PULPROG : zgpg30
SFO1 :    125.7709936 MHz
SOLVENT : CDCl3
SW :       238.7675 ppm
*** Processing Parameters ***
LB :           1.00 Hz
PHC0 :        106.425 degree
PHC1 :          6.509 degree
13C AMX500




































































































































































































































































*** Acquisition  Parameters ***
BF1 :    500.2300000 MHz
LOCNUC : 2H
NS :              6
O1 :        2751.27 Hz
PULPROG : zg
SFO1 :    500.2327513 MHz
SOLVENT : CDCl3
SW :        15.0080 ppm
*** Processing Parameters ***
LB :           0.10 Hz
PHC0 :         -0.742 degree
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13C NMR spectrum of compound 2-5 




































































































































NAME            sjj0331
EXPNO                 5
PROCNO                1
F2 - Acquisition Parameters
Date_          20100331
Time               9.43
INSTRUM           av500
PROBHD   5 mm BBO BB-1H
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                 2444
DS                    0
SWH           30030.029 Hz
FIDRES         0.458222 Hz
AQ            1.0912410 sec
RG                16384
DW               16.650 usec
DE                 6.00 usec
TE                372.9 K
D1           1.00000000 sec
d11          0.03000000 sec
DELTA        0.89999998 sec
TD0                   1
======== CHANNEL f1 ========
NUC1                13C
P1                 7.30 usec
PL1                0.00 dB
SFO1        125.7709936 MHz
======== CHANNEL f2 ========
CPDPRG2         waltz16
NUC2                 1H
PCPD2             80.00 usec
PL2               -2.00 dB
PL12              15.00 dB
PL13              25.00 dB
SFO2        500.1320005 MHz
F2 - Processing parameters
SI                32768
SF          125.7577561 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40
13C AMX500























































































































NAME            sjj0324
EXPNO                 9
PROCNO                1
F2 - Acquisition Parameters
Date_          20100324
Time              10.55
INSTRUM           spect
PROBHD   5 mm TXI 1H-13
PULPROG          cosygs
TD                 2048
SOLVENT            C6D6
NS                    8
DS                   16
SWH            4464.286 Hz
FIDRES         2.179827 Hz
AQ            0.2295380 sec
RG                   16
DW              112.000 usec
DE                 6.00 usec
TE                313.0 K
D0           0.00000300 sec
D1           1.50000000 sec
D13          0.00000300 sec
D16          0.00020000 sec
IN0          0.00022400 sec
======== CHANNEL f1 ========
NUC1                 1H
P0                 8.10 usec
P1                 8.10 usec
PL1               -5.00 dB
SFO1        500.2317794 MHz
====== GRADIENT CHANNEL =====
P16             1500.00 usec
F1 - Acquisition parameters
ND0                   1
TD                  256
SFO1           500.2318 MHz
FIDRES        17.438616 Hz
SW                8.924 ppm
FnMODE        undefined
F2 - Processing parameters
SI                  512
SF          500.2296812 MHz
WDW                SINE
SSB                   0
LB                 0.00 Hz
GB                    0
PC                 1.40
F1 - Processing parameters
SI                  512
MC2                  QF
SF          500.2296825 MHz
WDW                SINE
SSB                   0
LB                 0.00 Hz
GB                    0
 2D_DRX500
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*** Acquisition  Parameters ***
BF1 :    500.1300000 MHz
LOCNUC : 2H
NS :             32
O1 :        3088.51 Hz
PULPROG : zg30
SFO1 :    500.1330885 MHz
SOLVENT : CDCl3
SW :        20.6557 ppm
*** Processing Parameters ***
LB :           0.30 Hz
PHC0 :        273.401 degree
PHC1 :         -0.733 degree
1H AMX500
































































































































































NAME            sjj0324
EXPNO                 4
PROCNO                1
F2 - Acquisition Parameters
Date_          20100324
Time               9.29
INSTRUM           spect
PROBHD   5 mm TXI 1H-13
PULPROG          cosygs
TD                 2048
SOLVENT            C6D6
NS                    8
DS                   16
SWH            4664.179 Hz
FIDRES         2.277431 Hz
AQ            0.2197028 sec
RG                   16
DW              107.200 usec
DE                 6.00 usec
TE                313.0 K
D0           0.00000300 sec
D1           1.50000000 sec
D13          0.00000300 sec
D16          0.00020000 sec
IN0          0.00021440 sec
======== CHANNEL f1 ========
NUC1                 1H
P0                 8.10 usec
P1                 8.10 usec
PL1               -5.00 dB
SFO1        500.2317794 MHz
====== GRADIENT CHANNEL =====
P16             1500.00 usec
F1 - Acquisition parameters
ND0                   1
TD                  256
SFO1           500.2318 MHz
FIDRES        18.219450 Hz
SW                9.324 ppm
FnMODE        undefined
F2 - Processing parameters
SI                  512
SF          500.2296830 MHz
WDW                SINE
SSB                   0
LB                 0.00 Hz
GB                    0
PC                 1.40
F1 - Processing parameters
SI                  512
MC2                  QF
SF          500.2296871 MHz
WDW                SINE
SSB                   0
LB                 0.00 Hz
GB                    0
 2D_DRX500
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*** Acquisition  Parameters ***
BF1 :    125.7577890 MHz
LOCNUC : 2H
NS :           2301
O1 :       13204.57 Hz
PULPROG : zgpg30
SFO1 :    125.7709936 MHz
SOLVENT : CDCl3
SW :       238.7675 ppm
*** Processing Parameters ***
LB :           1.00 Hz
PHC0 :         84.539 degree
PHC1 :         34.706 degree
13C AMX500












































































































































































































































































*** Acquisition  Parameters ***
INSTRUM : av500
LOCNUC : 2H
NS :              8
NUCLEUS : off
O1 :        3088.51 Hz
PULPROG : zg30
SFO1 :    500.1330885 MHz
SOLVENT : DMSO
SW :        20.6557 ppm
TD :          32768
TE :          300.0 K
*** Processing Parameters ***
LB :           0.30 Hz
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13C NMR spectrum of compound 3-1a 
















































































NAME            sjj0211
EXPNO                 3
PROCNO                1
F2 - Acquisition Parameters
Date_          20110211
Time              11.05
INSTRUM           av500
PROBHD   5 mm BBO BB-1H
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  449
DS                    0
SWH           30030.029 Hz
FIDRES         0.458222 Hz
AQ            1.0912410 sec
RG                16384
DW               16.650 usec
DE                 6.00 usec
TE                300.0 K
D1           1.00000000 sec
d11          0.03000000 sec
DELTA        0.89999998 sec
TD0                   1
======== CHANNEL f1 ========
NUC1                13C
P1                 7.30 usec
PL1                0.00 dB
SFO1        125.7709936 MHz
======== CHANNEL f2 ========
CPDPRG2         waltz16
NUC2                 1H
PCPD2             80.00 usec
PL2               -2.00 dB
PL12              15.00 dB
PL13              25.00 dB
SFO2        500.1320005 MHz
F2 - Processing parameters
SI                32768
SF          125.7577897 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0





































































































































































































































































*** Acquisition  Parameters ***
BF1 :    500.1300000 MHz
LOCNUC : 2H
NS :             48
O1 :        3088.51 Hz
PULPROG : zg30
SFO1 :    500.1330885 MHz
SOLVENT : CDCl3
SW :        20.6557 ppm
*** Processing Parameters ***
LB :           0.30 Hz
PHC0 :        171.714 degree









































in CDCl3 @ 323 K
CDCl3
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*** Acquisition  Parameters ***
BF1 :    125.7577890 MHz
LOCNUC : 2H
NS :          16354
O1 :       13204.57 Hz
PULPROG : zgpg30
SFO1 :    125.7709936 MHz
SOLVENT : CDCl3
SW :       238.7675 ppm
*** Processing Parameters ***
LB :           1.00 Hz
PHC0 :        187.845 degree
PHC1 :         84.823 degree



































































































































































*** Acquisition  Parameters ***
LOCNUC : 2H
NS :              8
NUCLEUS : off
O1 :        3088.51 Hz
PULPROG : zg30
SFO1 :    500.1330885 MHz
SOLVENT : CDCl3
SW :        20.6557 ppm
TD :          32768
TE :          300.0 K
*** Processing Parameters ***
LB :           0.30 Hz
SF :    500.1300127 MHz
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13C NMR spectrum of compound 3-2a 




























































































NAME            sjj0210
EXPNO                 4
PROCNO                1
F2 - Acquisition Parameters
Date_          20110210
Time              13.12
INSTRUM           av500
PROBHD   5 mm BBO BB-1H
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  500
DS                    0
SWH           30030.029 Hz
FIDRES         0.458222 Hz
AQ            1.0912410 sec
RG                16384
DW               16.650 usec
DE                 6.00 usec
TE                300.0 K
D1           1.00000000 sec
d11          0.03000000 sec
DELTA        0.89999998 sec
TD0                   1
======== CHANNEL f1 ========
NUC1                13C
P1                 7.30 usec
PL1                0.00 dB
SFO1        125.7709936 MHz
======== CHANNEL f2 ========
CPDPRG2         waltz16
NUC2                 1H
PCPD2             80.00 usec
PL2               -2.00 dB
PL12              15.00 dB
PL13              25.00 dB
SFO2        500.1320005 MHz
F2 - Processing parameters
SI                32768
SF          125.7577915 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0

















































































































































































































































































































*** Acquisition  Parameters ***
LOCNUC : 2H
NS :              8
NUCLEUS : off
O1 :        3088.51 Hz
PULPROG : zg30
SFO1 :    500.1330885 MHz
SOLVENT : CDCl3
SW :        20.6557 ppm
TD :          32768
TE :          322.9 K
*** Processing Parameters ***
LB :           0.30 Hz
SF :    500.1300120 MHz
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13C NMR spectrum of compound 3-2b 



































































NAME            sjj0325
EXPNO                12
PROCNO                1
F2 - Acquisition Parameters
Date_          20110325
Time              23.32
INSTRUM           av500
PROBHD   5 mm BBO BB-1H
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  883
DS                    0
SWH           30030.029 Hz
FIDRES         0.458222 Hz
AQ            1.0912410 sec
RG                16384
DW               16.650 usec
DE                 6.00 usec
TE                323.0 K
D1           1.00000000 sec
d11          0.03000000 sec
DELTA        0.89999998 sec
TD0                   1
======== CHANNEL f1 ========
NUC1                13C
P1                 7.30 usec
PL1                0.00 dB
SFO1        125.7709936 MHz
======== CHANNEL f2 ========
CPDPRG2         waltz16
NUC2                 1H
PCPD2             80.00 usec
PL2               -2.00 dB
PL12              15.00 dB
PL13              25.00 dB
SFO2        500.1320005 MHz
F2 - Processing parameters
SI                32768
SF          125.7577787 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0























































































































































































*** Acquisition  Parameters ***
LOCNUC : 2H
NS :              8
NUCLEUS : off
O1 :        3088.51 Hz
PULPROG : zg30
SFO1 :    500.1330885 MHz
SOLVENT : CDCl3
SW :        20.6557 ppm
TD :          32768
TE :          299.9 K
*** Processing Parameters ***
LB :           0.30 Hz
SF :    500.1300130 MHz
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13C NMR spectrum of compound 3-3 
 
CDCl3






















1H NMR spectrum of compound 4-1a 

































































































































































NAME            sjj0823
EXPNO                 1
PROCNO                1
F2 - Acquisition Parameters
Date_          20120823
Time               9.46
INSTRUM           spect
PROBHD   5 mm PABBO BB/
PULPROG            zg30
TD                32768
SOLVENT           CDCl3
NS                   24
DS                    0
SWH           10330.578 Hz
FIDRES         0.315264 Hz
AQ            1.5860696 sec
RG                228.1
DW               48.400 usec
DE                 6.00 usec
TE                371.8 K
D1           1.00000000 sec
TD0                   1
======== CHANNEL f1 ========
NUC1                 1H
P1                14.50 usec
PL1                1.00 dB
SFO1        500.1330885 MHz
F2 - Processing parameters
SI                16384
SF          500.1296914 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0
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13C NMR spectrum of compound 4-1a 


























































































































NAME            sjj0823
EXPNO                11
PROCNO                1
F2 - Acquisition Parameters
Date_          20120823
Time               9.53
INSTRUM           spect
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT          CD2Cl2
NS                 4000
DS                    0
SWH           30030.029 Hz
FIDRES         0.458222 Hz
AQ            1.0912410 sec
RG                16384
DW               16.650 usec
DE                 6.00 usec
TE                370.9 K
D1           2.00000000 sec
d11          0.03000000 sec
DELTA        1.89999998 sec
TD0                   1
======== CHANNEL f1 ========
NUC1                13C
P1                 8.90 usec
PL1                0.00 dB
SFO1        125.7709936 MHz
======== CHANNEL f2 ========
CPDPRG2         waltz16
NUC2                 1H
PCPD2             80.00 usec
PL2                1.00 dB
PL12              15.83 dB
PL13              15.83 dB
SFO2        500.1320005 MHz
F2 - Processing parameters
SI                32768
SF          125.7577520 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
























































































NAME            sjj0823
EXPNO                11
PROCNO                1
F2 - Acquisition Parameters
Date_          20120823
Time               9.53
INSTRUM           spect
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT          CD2Cl2
NS                 4000
DS                    0
SWH           30030.029 Hz
FIDRES         0.458222 Hz
AQ            1.0912410 sec
RG                16384
DW               16.650 usec
DE                 6.00 usec
TE                370.9 K
D1           2.00000000 sec
d11          0.03000000 sec
DELTA        1.89999998 sec
TD0                   1
======== CHANNEL f1 ========
NUC1                13C
P1                 8.90 usec
PL1                0.00 dB
SFO1        125.7709936 MHz
======== CHANNEL f2 ========
CPDPRG2         waltz16
NUC2                 1H
PCPD2             80.00 usec
PL2                1.00 dB
PL12              15.83 dB
PL13              15.83 dB
SFO2        500.1320005 MHz
F2 - Processing parameters
SI                32768
SF          125.7577520 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0













in CDCl2CDCl2 at 100
oC
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1H NMR spectrum of compound 4-1b 
































































































































NAME            sjj0716
EXPNO                 1
PROCNO                1
F2 - Acquisition Parameters
Date_          20120716
Time              14.03
INSTRUM           spect
PROBHD   5 mm PABBO BB/
PULPROG            zg30
TD                32768
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10330.578 Hz
FIDRES         0.315264 Hz
AQ            1.5860696 sec
RG                 80.6
DW               48.400 usec
DE                 6.00 usec
TE                321.7 K
D1           1.00000000 sec
TD0                   1
======== CHANNEL f1 ========
NUC1                 1H
P1                14.50 usec
PL1                1.00 dB
SFO1        500.1330885 MHz
F2 - Processing parameters
SI                16384
SF          500.1300127 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0










































































NAME            sjj0803
EXPNO                12
PROCNO                1
F2 - Acquisition Parameters
Date_          20120803
Time              11.07
INSTRUM           spect
PROBHD   5 mm PABBO BB/
PULPROG        cosygpqf
TD                 2048
SOLVENT           CDCl3
NS                    4
DS                    8
SWH            5000.000 Hz
FIDRES         2.441406 Hz
AQ            0.2049500 sec
RG                 90.5
DW              100.000 usec
DE                 6.00 usec
TE                295.5 K
d0           0.00000300 sec
D1           1.50000000 sec
d13          0.00000400 sec
D16          0.00020000 sec
IN0          0.00019995 sec
======== CHANNEL f1 ========
NUC1                 1H
P0                14.70 usec
P1                14.70 usec
PL1                1.00 dB
SFO1        500.1324756 MHz
====== GRADIENT CHANNEL =====
GPNAM1         SINE.100
GPZ1              10.00 %
P16             1000.00 usec
F1 - Acquisition parameters
ND0                   1
TD                  256
SFO1           500.1325 MHz
FIDRES        19.536135 Hz
SW               10.000 ppm
FnMODE               QF
F2 - Processing parameters
SI                 1024
SF          500.1300113 MHz
WDW                SINE
SSB                   0
LB                 0.00 Hz
GB                    0
PC                 1.40
F1 - Processing parameters
SI                 1024
MC2                  QF
SF          500.1300125 MHz
WDW                SINE
SSB                   0
LB                 0.00 Hz
















in CDCl3 at 50 oC
c + de
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13C NMR spectrum of compound 4-1b 






































































































































NAME            sjj0716
EXPNO                11
PROCNO                1
F2 - Acquisition Parameters
Date_          20120716
Time              14.10
INSTRUM           spect
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  511
DS                    0
SWH           30030.029 Hz
FIDRES         0.458222 Hz
AQ            1.0912410 sec
RG                16384
DW               16.650 usec
DE                 6.00 usec
TE                322.8 K
D1           2.00000000 sec
d11          0.03000000 sec
DELTA        1.89999998 sec
TD0                   1
======== CHANNEL f1 ========
NUC1                13C
P1                 8.90 usec
PL1                0.00 dB
SFO1        125.7709936 MHz
======== CHANNEL f2 ========
CPDPRG2         waltz16
NUC2                 1H
PCPD2             80.00 usec
PL2                1.00 dB
PL12              15.83 dB
PL13              15.83 dB
SFO2        500.1320005 MHz
F2 - Processing parameters
SI                32768
SF          125.7577799 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0






















































































NAME            sjj0716
EXPNO                11
PROCNO                1
F2 - Acquisition Parameters
Date_          20120716
Time              14.10
INSTRUM           spect
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  511
DS                    0
SWH           30030.029 Hz
FIDRES         0.458222 Hz
AQ            1.0912410 sec
RG                16384
DW               16.650 usec
DE                 6.00 usec
TE                322.8 K
D1           2.00000000 sec
d11          0.03000000 sec
DELTA        1.89999998 sec
TD0                   1
======== CHANNEL f1 ========
NUC1                13C
P1                 8.90 usec
PL1                0.00 dB
SFO1        125.7709936 MHz
======== CHANNEL f2 ========
CPDPRG2         waltz16
NUC2                 1H
PCPD2             80.00 usec
PL2                1.00 dB
PL12              15.83 dB
PL13              15.83 dB
SFO2        500.1320005 MHz
F2 - Processing parameters
SI                32768
SF          125.7577799 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40


















in CDCl3 at 50 oC
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1H NMR spectrum of compound 4-2 
















































































































NAME            sjj0727
EXPNO                 1
PROCNO                1
F2 - Acquisition Parameters
Date_          20120727
Time              17.59
INSTRUM           spect
PROBHD   5 mm PABBO BB/
PULPROG            zg30
TD                32768
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10330.578 Hz
FIDRES         0.315264 Hz
AQ            1.5860696 sec
RG                406.4
DW               48.400 usec
DE                 6.00 usec
TE                296.1 K
D1           1.00000000 sec
TD0                   1
======== CHANNEL f1 ========
NUC1                 1H
P1                14.50 usec
PL1                1.00 dB
SFO1        500.1330885 MHz
F2 - Processing parameters
SI                16384
SF          500.1300140 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0




































































NAME            sjj0803
EXPNO                14
PROCNO                1
F2 - Acquisition Parameters
Date_          20120803
Time              13.16
INSTRUM           spect
PROBHD   5 mm PABBO BB/
PULPROG        cosygpqf
TD                 2048
SOLVENT           CDCl3
NS                    2
DS                    8
SWH            5000.000 Hz
FIDRES         2.441406 Hz
AQ            0.2049500 sec
RG                  512
DW              100.000 usec
DE                 6.00 usec
TE                322.8 K
d0           0.00000300 sec
D1           1.50000000 sec
d13          0.00000400 sec
D16          0.00020000 sec
IN0          0.00019995 sec
======== CHANNEL f1 ========
NUC1                 1H
P0                14.70 usec
P1                14.70 usec
PL1                1.00 dB
SFO1        500.1324756 MHz
====== GRADIENT CHANNEL =====
GPNAM1         SINE.100
GPZ1              10.00 %
P16             1000.00 usec
F1 - Acquisition parameters
ND0                   1
TD                  512
SFO1           500.1325 MHz
FIDRES         9.768067 Hz
SW               10.000 ppm
FnMODE               QF
F2 - Processing parameters
SI                 1024
SF          500.1300114 MHz
WDW                SINE
SSB                   0
LB                 0.00 Hz
GB                    0
PC                 1.40
F1 - Processing parameters
SI                 1024
MC2                  QF
SF          500.1300133 MHz
WDW                SINE
SSB                   0
LB                 0.00 Hz
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13C NMR spectrum of compound 4-2 





































































































NAME            sjj0731
EXPNO                11
PROCNO                1
F2 - Acquisition Parameters
Date_          20120731
Time              11.06
INSTRUM           spect
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                 2217
DS                    0
SWH           30030.029 Hz
FIDRES         0.458222 Hz
AQ            1.0912410 sec
RG                16384
DW               16.650 usec
DE                 6.00 usec
TE                324.6 K
D1           2.00000000 sec
d11          0.03000000 sec
DELTA        1.89999998 sec
TD0                   1
======== CHANNEL f1 ========
NUC1                13C
P1                 8.90 usec
PL1                0.00 dB
SFO1        125.7709936 MHz
======== CHANNEL f2 ========
CPDPRG2         waltz16
NUC2                 1H
PCPD2             80.00 usec
PL2                1.00 dB
PL12              15.83 dB
PL13              15.83 dB
SFO2        500.1320005 MHz
F2 - Processing parameters
SI                32768
SF          125.7577787 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0

























































































































































NAME            sjj0731
EXPNO                11
PROCNO                1
F2 - Acquisition Parameters
Date_          20120731
Time              11.06
INSTRUM           spect
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                 2217
DS                    0
SWH           30030.029 Hz
FIDRES         0.458222 Hz
AQ            1.0912410 sec
RG                16384
DW               16.650 usec
DE                 6.00 usec
TE                324.6 K
D1           2.00000000 sec
d11          0.03000000 sec
DELTA        1.89999998 sec
TD0                   1
======== CHANNEL f1 ========
NUC1                13C
P1                 8.90 usec
PL1                0.00 dB




















































in CDCl3 at 323K
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1H NMR spectrum of compound 4-3 

































































































































NAME            sjj0911
EXPNO                 3
PROCNO                2
F2 - Acquisition Parameters
Date_          20120911
Time              16.32
INSTRUM           spect
PROBHD   5 mm PABBO BB/
PULPROG            zg30
TD                32768
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10330.578 Hz
FIDRES         0.315264 Hz
AQ            1.5860696 sec
RG                  256
DW               48.400 usec
DE                 6.00 usec
TE                294.7 K
D1           1.00000000 sec
TD0                   1
======== CHANNEL f1 ========
NUC1                 1H
P1                14.50 usec
PL1                1.00 dB
SFO1        500.1330885 MHz
F2 - Processing parameters
SI                16384
SF          500.1300134 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0

















































































NAME            sjj0911
EXPNO                 4
PROCNO                1
F2 - Acquisition Parameters
Date_          20120911
Time              16.35
INSTRUM           spect
PROBHD   5 mm PABBO BB/
PULPROG        cosygpqf
TD                 2048
SOLVENT           CDCl3
NS                    1
DS                    8
SWH            7002.801 Hz
FIDRES         3.419337 Hz
AQ            0.1463486 sec
RG                  256
DW               71.400 usec
DE                 6.00 usec
TE                294.7 K
d0           0.00000300 sec
D1           1.50000000 sec
d13          0.00000400 sec
D16          0.00020000 sec
IN0          0.00014280 sec
======== CHANNEL f1 ========
NUC1                 1H
P0                14.50 usec
P1                14.50 usec
PL1                1.00 dB
SFO1        500.1333580 MHz
====== GRADIENT CHANNEL =====
GPNAM1         SINE.100
GPZ1              10.00 %
P16             1000.00 usec
F1 - Acquisition parameters
ND0                   1
TD                  512
SFO1           500.1334 MHz
FIDRES        13.677346 Hz
SW               14.002 ppm
FnMODE               QF
F2 - Processing parameters
SI                 1024
SF          500.1300108 MHz
WDW                SINE
SSB                   0
LB                 0.00 Hz
GB                    0
PC                 1.40
F1 - Processing parameters
SI                 1024
MC2                  QF
SF          500.1300120 MHz
WDW                SINE
SSB                   0
LB                 0.00 Hz
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13C NMR spectrum of compound 4-3 





































































































NAME            sjj0911
EXPNO                12
PROCNO                1
F2 - Acquisition Parameters
Date_          20120911
Time              11.28
INSTRUM           spect
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                 2429
DS                    0
SWH           30030.029 Hz
FIDRES         0.458222 Hz
AQ            1.0912410 sec
RG                16384
DW               16.650 usec
DE                 6.00 usec
TE                297.2 K
D1           2.00000000 sec
d11          0.03000000 sec
DELTA        1.89999998 sec
TD0                   1
======== CHANNEL f1 ========
NUC1                13C
P1                 8.90 usec
PL1                0.00 dB
SFO1        125.7709936 MHz
======== CHANNEL f2 ========
CPDPRG2         waltz16
NUC2                 1H
PCPD2             80.00 usec
PL2                1.00 dB
PL12              15.83 dB
PL13              15.83 dB
SFO2        500.1320005 MHz
F2 - Processing parameters
SI                32768
SF          125.7577925 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0



















































































1H NMR spectrum of compound 4-4 



















































































































NAME            sjj0914
EXPNO                21
PROCNO                1
F2 - Acquisition Parameters
Date_          20120914
Time              17.14
INSTRUM           spect
PROBHD   5 mm PABBO BB/
PULPROG            zg30
TD                32768
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10330.578 Hz
FIDRES         0.315264 Hz
AQ            1.5860696 sec
RG                161.3
DW               48.400 usec
DE                 6.00 usec
TE                296.3 K
D1           1.00000000 sec
TD0                   1
======== CHANNEL f1 ========
NUC1                 1H
P1                14.50 usec
PL1                1.00 dB
SFO1        500.1330885 MHz
F2 - Processing parameters
SI                16384
SF          500.1300134 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0
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NAME            sjj0918
EXPNO                11
PROCNO                1
F2 - Acquisition Parameters
Date_          20120918
Time              17.11
INSTRUM           spect
PROBHD   5 mm PABBO BB/
PULPROG        cosygpqf
TD                 2048
SOLVENT           CDCl3
NS                    3
DS                    8
SWH           10000.000 Hz
FIDRES         4.882813 Hz
AQ            0.1025000 sec
RG                228.1
DW               50.000 usec
DE                 6.00 usec
TE                295.9 K
d0           0.00000300 sec
D1           1.50000000 sec
d13          0.00000400 sec
D16          0.00020000 sec
IN0          0.00009995 sec
======== CHANNEL f1 ========
NUC1                 1H
P0                14.50 usec
P1                14.50 usec
PL1                1.00 dB
SFO1        500.1333580 MHz
====== GRADIENT CHANNEL =====
GPNAM1         SINE.100
GPZ1              10.00 %
P16             1000.00 usec
F1 - Acquisition parameters
ND0                   1
TD                  415
SFO1           500.1334 MHz
FIDRES        24.108440 Hz
SW               20.005 ppm
FnMODE               QF
F2 - Processing parameters
SI                 1024
SF          500.1300092 MHz
WDW                SINE
SSB                   0
LB                 0.00 Hz
GB                    0
PC                 1.40
F1 - Processing parameters
SI                 1024
MC2                  QF
SF          500.1300104 MHz
WDW                SINE
SSB                   0
LB                 0.00 Hz
























13C NMR spectrum of compound 4-4 

























































































NAME            sjj0914
EXPNO                11
PROCNO                1
F2 - Acquisition Parameters
Date_          20120914
Time              17.15
INSTRUM           spect
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  320
DS                    0
SWH           30030.029 Hz
FIDRES         0.458222 Hz
AQ            1.0912410 sec
RG                16384
DW               16.650 usec
DE                 6.00 usec
TE                296.4 K
D1           2.00000000 sec
d11          0.03000000 sec
DELTA        1.89999998 sec
TD0                   1
======== CHANNEL f1 ========
NUC1                13C
P1                 8.90 usec
PL1                0.00 dB
SFO1        125.7709936 MHz
======== CHANNEL f2 ========
CPDPRG2         waltz16
NUC2                 1H
PCPD2             80.00 usec
PL2                1.00 dB
PL12              15.83 dB
PL13              15.83 dB
SFO2        500.1320005 MHz
F2 - Processing parameters
SI                32768
SF          125.7577934 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0


































































in CDCl3 at r.t
* CDCl3
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1H NMR spectrum of compound 4-5 
































































































NAME            sjj0706
EXPNO                 1
PROCNO                1
F2 - Acquisition Parameters
Date_          20120706
Time              16.37
INSTRUM           spect
PROBHD   5 mm PABBO BB/
PULPROG            zg30
TD                32768
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10330.578 Hz
FIDRES         0.315264 Hz
AQ            1.5860696 sec
RG                  362
DW               48.400 usec
DE                 6.00 usec
TE                300.0 K
D1           1.00000000 sec
TD0                   1
======== CHANNEL f1 ========
NUC1                 1H
P1                14.50 usec
PL1                1.00 dB
SFO1        500.1330885 MHz
F2 - Processing parameters
SI                16384
SF          500.1300134 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0















































































NAME            sjj0803
EXPNO                13
PROCNO                1
F2 - Acquisition Parameters
Date_          20120803
Time              11.52
INSTRUM           spect
PROBHD   5 mm PABBO BB/
PULPROG        cosygpqf
TD                 2048
SOLVENT           CDCl3
NS                    8
DS                    8
SWH            5000.000 Hz
FIDRES         2.441406 Hz
AQ            0.2049500 sec
RG                  512
DW              100.000 usec
DE                 6.00 usec
TE                295.5 K
d0           0.00000300 sec
D1           1.50000000 sec
d13          0.00000400 sec
D16          0.00020000 sec
IN0          0.00019995 sec
======== CHANNEL f1 ========
NUC1                 1H
P0                14.70 usec
P1                14.70 usec
PL1                1.00 dB
SFO1        500.1324756 MHz
====== GRADIENT CHANNEL =====
GPNAM1         SINE.100
GPZ1              10.00 %
P16             1000.00 usec
F1 - Acquisition parameters
ND0                   1
TD                  256
SFO1           500.1325 MHz
FIDRES        19.536135 Hz
SW               10.000 ppm
FnMODE               QF
F2 - Processing parameters
SI                 1024
SF          500.1300119 MHz
WDW                SINE
SSB                   0
LB                 0.00 Hz
GB                    0
PC                 1.40
F1 - Processing parameters
SI                 1024
MC2                  QF
SF          500.1300122 MHz
WDW                SINE
SSB                   0
LB                 0.00 Hz


























in CDCl3 at r.t
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13C NMR spectrum of compound 4-5 































































































NAME            sjj0709
EXPNO                12
PROCNO                1
F2 - Acquisition Parameters
Date_          20120709
Time              10.58
INSTRUM           spect
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                 2168
DS                    0
SWH           30030.029 Hz
FIDRES         0.458222 Hz
AQ            1.0912410 sec
RG                16384
DW               16.650 usec
DE                 6.00 usec
TE                324.8 K
D1           2.00000000 sec
d11          0.03000000 sec
DELTA        1.89999998 sec
TD0                   1
======== CHANNEL f1 ========
NUC1                13C
P1                 8.90 usec
PL1                0.00 dB
SFO1        125.7709936 MHz
======== CHANNEL f2 ========
CPDPRG2         waltz16
NUC2                 1H
PCPD2             80.00 usec
PL2                1.00 dB
PL12              15.83 dB
PL13              15.83 dB
SFO2        500.1320005 MHz
F2 - Processing parameters
SI                32768
SF          125.7577805 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0













































































































































































































































































































































































in CDCl3 @ 323K
* CDCl3
